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19.  Abstract  (continued) 

Probably  the  most  striking  results  in  this  area  concern  IV- VI 
semiconductors  such  as  PbTe  and  SnTe,  where  we  have  originated  the 
concept  of  false  valence:  In  on  a  Te  site  in  SnTe  is  a  (triple)  acceptor  and  has 
normal  valence  of  -3  with  respect  to  Te.  But  on  a  Te  site  in  PbTe,  In  is  a 
(triple)  donor  with  a  false  valence  of  +3  with  respect  to  Te  because  an  In  deep 
p-like  one-electron  level  capable  of  trapping  six  electrons  crosses  the  gap  as  x 
decreases  in  Pbi-xSnxTe.  This  theory  predicts  that  In  is  a  donor  in  PbTe  but  an 
acceptor  in  SnTe;  it  argues  that  in  IV- VI  semiconductors  impurities  often 
occupy  the  intuitively  "wrong"  site  or  antisite;  it  shows  that  the  relevant  In 
occupies  Te  sites;  it  explains  low  doping  efficiencies;  and  it  shows  promise  for 
explaining  solidus  curves. 

This  work  on  InN  illustrates  how  our  theory  can  be  useful  for  the 
fabrif-ation  and  doping  of  new  electronic  materials.  The  recent  development 
of  high-mobility  InN  raises  the  possibility  of  making  UV  sensors  and  even 
lasers  out  of  this  material.  We  have  presented  global  predictions  on  the 
behavior  of  s-  and  p-bonded  deep  levels  in  InN,  Ini-xGaxN,  and  Ini-xA  ^N  as  a 
means  of  guiding  experiments  aimed  at  doping  these  materials  for  use  in  UV 
and  glue-green  optical  devices. 

This  contribution  to  the  theory  of  Schottky  barriers  by  developing  the 
theory  of  defects  at  surfaces  and  at  interfaces.  Soon  we  shall  publish  the  first 
theory  of  scanning  tunneling  microscope  images  of  surface  antisite  defects  in 
GaAs.  This  theory  shows  that  unless  the  microscope  bias  is  set  correctly,  an 
antisite  defect  can  appear  to  be  the  same  as  the  atom  it  replaced!  We  have 
also  investigated  the  role  of  plastic  flow  in  the  formation  of  scanning 
tunneling  microscope  tips  by  electrochemical  etching. 

This  work  has  laid  the  foundation  for  treating  degenerate  vermi  gases 
in  alloys,  and  including  multi-electron  relaxation  effects  (i.e.,  infrared 
divergence  phenomena)  in  evaluation  of  their  optical  properties.  V\fhile  this 
approach  has  a  way  to  go  before  being  easily  implemented  for  realistic  mode  ls, 
it  is  far  ahead  of  its  main  competitor,  the  renormalization  group  method. 

The  electronic  properties  of  Gei-xSnx  have  been  worked  out,  as  a 
guideline  for  experimental  groups  attempting  to  grow  these  interesting 
materials.  The  physics  of  order-disorder  transformations  in  metastable  alloys 
such  as  (GaAs)i.xGe2x  has  been  elucidated  (in  collaboration  with  K.  E. 
Newman)  and  new  materials,  such  as  (InP)i-xGe2x/  have  been  predicted  as 
likely  to  have  interesting  infrared  properties.  The  relationships  of  random 
alloys  with  partially  ordered  phases  (e.g.,  zincblende,  superlattice, 
chalcopyrite,  etc.)  have  been  elucidated,  and  a  basic  quasi-equilibrium 
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approach  to  understanding  their  electronic^  vibrational^  and  thermodynamic 
properties  has  been  developed. 

This  effort  has  produced  the  first  comprehensive  theory  of  deep  levels 
in  [001]  and  [111]  ni-V  superlattices.  This  theory  elucidated  the  various  factors 
affecting  deep  levels,  sets  forth  the  conditions  for  obtaining  shallow-dwp 
transitions,  and  predicts  that  Si  (a  common  donor  making  GaAs  n-type) 
becomes  a  deep  trap  in  GaAs/ A  xGai-xAs  superlattices  with  thin  quantum 
wells.  These  results  have  bearing  on  HEMT  structures. 

We  have  developed  the  pseudo-function  method  of  local-density 
theory,  including  the  spin-unrestricted  version.  We  have  treated  the 
hypothetical  material  MnTe  with  spin-unrestricted  pseudo-function  theory 
and  found  an  antiferromagnetic  ground  state  and  conduction  bands  that  are 
highly  spin  polarized.  We  have  obtained  the  results  of  earlier  theories  by 
restricting  the  amount  of  spin- polarization;  hence  we  have  ascribed  the 
differences  between  our  results  and  earlier  theories  to  inadequate  basis  sets  of 
the  earlier  theories.  We  are  currently  exploring  applications  of  our  methods 
to  other  problems  in  magnetism,  and  have  some  optimism  that  our  spin- 
dependent  pseudo-function  approach  may  overcome  the  traditional  problems 
of  the  local-density  theory  of  magnetic  systems. 

Tl\e  pseudo-function  method  is  computationally  fast  by  local-density 
standards,  and  we  have  used  it  to  determine  equilibrium  surkce  relaxations 
of  semiconductors  by  minimizing  the  total  energies  of  the  surfaces.  We  have 
also  looked  at  many  possible  oxygen  adsorption  sites  on  GaAs  (110)  to  find  the 
ones  with  the  lowest  energy,  in  order  to  understand  the  oxidation  process. 

The  pseudo-fimction  method  gives  the  same  answers  to  the  classic  problems, 
such  as  the  bulk  modulus  of  Si,  as  the  other  successful  implementations  of 
local  density  theory. 
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THEORY  OF  SEMICONDUCTING  SUPERLATTICES  AND  MICROSTRUCTURES 

John  D.  Dow 
Department  of  Physics 
University  of  Notre  Dame 
Notre  Dame,  Indiana  46556 

A.  Impurity  levels  In  bulk  materials 

One  of  the  long-term  Interests  of  our  group  has  been  to  understand 
the  deep  level  structures  of  Impurities  in  semiconductors.  We  have 
continued  working  In  this  area  because  the  problems  are  Interesting  and 
challenging,  while  often  being  well-suited  to  training  graduate  students. 

1.  IV-]^  semiconductors 

Probably  the  most  striking  results  In  this  area  concern  IV-VI 
semiconductors  such  as  PbTe  and  SnTe,  where  we  have  originated  the 
concept  of  false  valence;  In  on  a  Te  site  In  SnTe  Is  a  (triple)  acceptor 
and  has  normal  valence  of  -3  with  respect  to  Te.  But  on  a  Te  site  In 
PbTe,  In  Is  a  (triple)  donor  with  a  false  valence  of  +3  with  respect  to 
Te  because  an  In  deep  p-llke  one-electron  level  capable  of  trapping  six 
electrons  crosses  the  gap  as  x  decreases  In  Pb|^_^Sn^Te.  This  theory 
predicts  that  In  Is  a  donor  In  PbTe  but  an  acceptor  In  SnTe;  It  argues 
that  in  IV-VI  semiconductors  impurities  often  occupy  the  intuitively 
"wrong”  site  or  antlslte;  It  shows  that  the  relevant  In  occupies  Te 
sites;  It  explains  low  doping  efficiencies;  and  It  shows  promise  for 
explaining  solidus  curves. 

2.  InN- related  materials 

Our  work  on  InN  Illustrates  how  our  theory  can  be  useful  for  the 
fabrication  and  doping  of  new  electronic  materials.  The  recent 
development  of  hlgh-moblllty  InN  raises  the  possibility  of  making  UV 
sensors  and  even  lasers  out  of  this  material.  We  have  presented  global 
predictions  on  the  behavior  of  s-  and  p-bonded  deep  levels  In  InN, 
Ini_xGaxN,  and  In]^_j^Ai^N  as  a  means  of  guiding  experiments  aimed  at 
d'iplng  these  materials  for  use  In  UV  and  blue-green  optical  devices. 

3.  Charge -state  splittings  and  meso-bondlng  molecular  defects 

It  has  been  our  position  for  years  that  large  self-consistent 
pseudopotential  calculations  of  deep  levels  are  rarely  necessary  for 
substitutional  s-  and  p-bonded  impurities  In  Si  and  III-V  semiconductors. 
This  position,  although  opposed  by  significant  segments  of  the 
theoretical  physics  community,  has  been  vindicated  by  our  self-consistent 
calculations  for  S  In  SI. 

A  controversy  about  the  character  of  the  S2  substitutional  molecular 
defect  In  SI  has  been  resolved  In  favor  of  a  meso-bondlng  picture,  based 
on  our  self-consistent  calculations  of  the  charge-state  splittings  and 
hyperflne  tensor  in  this  system. 

4.  Effects  of  hydrostatic  pressure  and  uniaxial  stress  on  deep  levels 
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We  have  shown  that  If  both  the  energy  of  a  deep  level  £nd  Its 
(hydrostatic  or  uniaxial)  pressure  dependence  are  known,  one  can  almost 
uniquely  determine  the  substitutional  defect  responsible.  The 
determination  is  often  not  unique,  but  reduces  the  candidate  s>  and  p- 
bonded  impurities  to  only  a  few. 

B.  Surface  defects 

Ve  have  contributed  to  the  theory  of  Schottl^  barriers  by  developing 
the  theory  of  defects  at  surfaces  and  at  interfaces.  Soon  we  shall 
publish  the  first  theory  of  scanning  ttinnellng  microscope  images  of 
surface  antisite  defects  in  GaAs.  This  theory  shows  that  unless  the 
microscope  bias  is  set  correctly,  an  antisite  defect  can  appear  to  be  the 
same  as  the  atom  it  replaced!  We  have  also  investigated  the  role  of 
plastic  flow  in  the  formation  of  scanning  tunneling  microscope  tips  by 
electrochemical  etching. 

C.  Pseudo- function  local-density  theory 

We  have  developed  the  pseudo- function  method  of  local-density 
theory,  including  the  spin-unrestricted  version.  We  have  treated  the 
hypothetical  material  MnTe  with  spin-unrestricted  pseudofunction  theory 
and  found  an  antiferromagnetic  ground  state  and  conduction  bands  that  are 
highly  spin  polarized.  We  have  obtained  the  results  of  earlier  theories 
by  restricting  the  amount  of  spin-polarization;  hence  we  have  ascribed 
the  differences  between  our  results  and  earlier  theories  to  Inadequate 
basis  sets  of  the  earlier  theories.  We  are  currently  exploring 
applications  of  our  methods  to  other  problems  in  magnetism,  and  have  some 
optimism  that  our  spin-dependent  pseudo -function  approach  may  overcome 
the  traditional  problems  of  the  local-density  theory  of  magnetic  systems. 

The  pseudo- function  method  is  computationally  fast  by  local-density 
standards,  and  we  have  used  it  to  determine  equilibrium  surface 
relaxations  of  semiconductors  by  minimizing  the  total  energies  of  the 
surface.*.  We  have  also  looked  at  many  possible  oxygen  adsorption  sites  on 
GaAs  (110)  to  find  the  ones  with  the  lowest  energy,  in  order  to 
understand  the  oxidation  process.  The  pseudo- function  method  gives  the 
same  answers  to  the  classic  problems,  such  as  the  bulk  modulus  of  Si,  as 
the  other  successful  implementations  of  local  density  theory. 

D.  Phonons  in  alloys 

We  haye  developed  the  theory  of  phonons  in  alloys  and  shown  how  to 
treat  correlated  alloys  by  combining  Ising  Monte  Carlo  and  Recursion 
methods. 


E.  Heavily  doped  semiconductor  alloys 

We  have  laid  the  foundation  for  treating  degenerate  Fermi  gases  in 
alloys,  and  including  multi-electron  relaxation  effects  (i.e..  Infrared 
divergence  phenomena)  in  evaluation  of  their  optical  properties.  While 
our  approach  has  a  v:ay  to  go  before  being  easily  implemented  for 
realistic  models,  it  Is  far  ahead  of  its  main  competitor,  the 
renormalization  group  method. 
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F.  Metastable  alloys 

The  electronic  properties  of  Gej^_jjSn^  have  been  worked  out,  as  a 
guideline  for  experimental  groups  attempting  to  grow  these  interesting 
materials.  The  physics  of  order-disorder  transformations  in  metastable 
alloys  such  as  (GaAs)^_^Ge2j^  has  been  elucidated  (in  collaboration  with 
K.  E.  Newman)  and  new  materials,  such  as  (I’^P)l_x®®2x’  been 
predicted  as  likely  to  have  interesting  infrared  properties.  The 
relationships  of  random  alloys  with  partially  ordered  phases  (e.g., 
zincblende,  superlattice,  chalcopyrite ,  etc.)  have  been  elucidated,  and  a 
basic  quasl-equlllbrium  approach  to  understanding  their  electronic, 
vibrational,  and  thermodynamic  properties  has  been  developed. 

G.  Special  points  for  superlattices 

We  have  worked  out  the  special  points  (for  space  sums)  for  [001] 
and  [111]  superlattices,  and  have  shown  that  by  taking  advantage  of 
hidden  symmetries  for  certain  superlattice  period- ratios  the  number  of 
special  points  is  comparable  with  the  number  needed  to  obtain 
corresponding  accuracy  for  bulk  zincblende. 

H.  Structure-modulated  superlattices 

We  have  originated  (we  believe)  the  concept  of  a  superlattice  whose 
adjacent  layers  are  the  same  material  but  with  different  structures,  and 
contrasted  this  type  of  superlattice  with  conventional  composition- 
modulated  superlattices.  An  example  is  a  zincblende/wurtzite 
superlattice  which  is  lattice -matched,  yet  has  very  interesting  topology. 
We  have  calculated  the  electronic  structures  and  deep  levels  in  some  such 
superlattices . 


I.  Fanipi  doping  superlattices 

We  have  developed  the  concept  of  false -valence  doping  nipl 
superlattices.  Such  a  superlattice  could  be  formed  by  uniformly  doping 
PbTe/SnTe  superlattices  with  In.  The  In  is  a  donor  in  FbTe  because  of  a 
false  valence.  It  is  an  acceptor  in  SnTe  because  of  normal  valence. 

(The  relevant  In  occupies  a  Te  site.) 

J.  Deep  levels  in  [0011  and  [111]  superlattices 

We  have  produced  the  first  comprehensive  theory  of  deep  levels  in 
[001]  and  [111]  III-V  superlattices.  This  theory  elucidates  the  various 
factors  affecting  deep  levels,  sets  forth  the  conditions  for  obtaining 
shallow-deep  transitions,  and  predicts  that  Si  (a  common  donor  making 
GaAs  n-type)  becomes  a  deep  trap  in  GaAs/A^„Ga^_j^As  superlattices  with 
thin  quantum  wells.  Thus  the  common  n-type  dopant  becomes  a  deep  trap  in 
ultra-small  devices!  These  results  have  bearing  on  HEMT  structures. 

K.  Effects  of  band  offsets  and  applied  pressure  on  deep  levels  in  superlattices 

Since  band  offsets  are  generally  poorly  known,  except  for 
GaAs/A.8jjGa2^_jjAs  superlattices,  we  have  explored  the  dependences  of  deep 
level  energies  on  the  offsets  --  and  found  them  to  be  small.  We  have  also 
studied  the  pressure  dependences  of  the  electronic  structures  of  and  deep 
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levels  in  superlattices. 

L.  Strain- induced  Type  II  -  Type  I  transitions  In  ZnSe/ZnTe 

We  have  shown  that  by  suitably  choosing  the  periods  of  ZnSe  and  ZnTe 
In  a  ZnSe/ZnTe  superlattice  to  obtain  appropriate  strain  fields,  It  Is 
possible  to  drive  the  structure  from  T3rpe  II  to  Type  I.  This  raises  the 
possibility  of  fabricating  blue-green  lasers  from  such  superlattices  -- 
if  the  doping  problem  can  be  solved. 

M.  Si-based  luminescence 

We  have  shown  that  with  novel  combinations  of  superlattice  growth 
direction  (such  as  [111]),  band- folding,  superlattice  periods,  and 
uniaxial  stress.  It  is  always  possible  to  drive  a  Sl/Ge  superlattice 
direct  and  make  It  capable  of  emitting  luminescence.  We  have  also 
calculated  dielectric  functions  of  such  microstructures  to  predict  the 
luminescent  intensities. 
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DISPERSION  CURVES  ON  THE  SURFACE  RELAXATION  ANOLE 
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The  surface  state  dispersion  curves  E(lc)  of  the  dangling  bond  states 
near  the  fundamental  hand  gap,  C3  and  Aj,  are  computed  for  both  the 
established  6»27®  model  and  the  recently  proposed  9*7®  model  of  the 
(110)  surface  relaxation  of  GaAs,  where  9  is  the  surface  bond  rotation 
angle.  The  two  models  produce  surface  state  dispersion  curves  that  are 
similar  to  one  another  and  to  the  data. 


Until  recently  it  was  thought  that  the 
geometrical  structure  of  the  (110)  surface  jf 
GaAs  was  one  of  the  few  semiconductor  surface 
structures  that  was  established.  The  accepted 
model  was  the  27®  rotation  model  (1,2)!  To  a 
good  approximation,  the  anions  rotate  rigidly 
out  of  the  surface  through  an  angle  of  9*27®. 
This  model  was  established  as  a  result  of 
careful  analyses  of  low-energy  electron 
diffraction  (LEED)  data,  and.  In  addition, 
provided  a  way  out  of  a  theoretical  dllci.-ta: 
calculations  of  GaAs  surface  states  for 
unrelaxed  surfaces,  9*0®,  produced  surface 
states  In  the  fundamental  band  gap  (contrary  to 
data)  that  receded  into  the  valence  and 
conduction  banis  when  the  9*27®  relaxation  was 
accounted  for  (3|. 

Recently,  however,  Gibson  and  co-workers  (4) 
have  suggested  that  9*7®  may  be  a  more 
appropriate  relaxation  angle,  based  nn  analyses 
of  Rutherford  back-scattering  (RBS)  cata.  Duke 
and  co-workers  have  also  presented  analyses  of 
LEED  data  that  Indicate  that  a  7°  rotation, 
while  not  preferred.  Is  acceptable  (5).  Gibson 
et  al,  have  stated,  however,  that  their  data 
night  be  consistent  with  the  9*27°  model, 
orovldcd  one  allows  for  anomalously  large 
surface  phonon  an,olltvdes. 

Vlth  LEED  and  RBS  analyses  producing  anblguoiis 
interpretations  of  the  data,  we  thought  it  might 
be  useful  to  determine  if  the  measured  surface 
state  dispersion  curves  E(E)  (6),  when  compared 
with  theoretical  predictions,  preferred  either 
the  0»7°  model  or  tlie  9*27°  model.  Previous 
calculations  of  K(I7),  assuming  the  0«27®  model, 
were  in  sufficiently  good  agreement  wltli  the 
data  to  afford  explanations  of  the  principal 

1982  PACS  Number:  68.20.+t;  73,20.-r 


experimental  features  (7)  (Fig.l),  However,  we 
now  find  qualitatively  similar  dispersion 
relations  E(I()  for  the  relevant  surface  states, 
for  9-0®,  9-7®,  14®  and  27®  (Fig.  1).  Since  the 
theory  is  only  accurate  to  several  tenths  of  an 
cV  IS)  near  the  valence  band  maximum,  the 
theoretical  surface  state  dispersion  curves  do 
not  provide  means  for  discriminating  with 
confidence  at'ong  the  relaxation  models.  The 
theory  does  predict  that  surface  states  do  fall 
In  the  fundamental  band  gap  for  the  7°  model  [1| 
(Fig.  2  (9i  and  Ref.  [101):  O.I  eV  below  the 
conduction  band  edge  and  0.1  eV  above  the 
valence  band  maximum  ~  but  these  energies  are 
too  small  in  comparison  with  the  several  tenths 
of  an  eV  theoretical  uncertainty  to  be 
convincing  proof  of  the  27®  model  over  the  7® 
model. 

Hence  we  conclude  that  the  agreement  between 
photoemlssion  data  and  the  theory  does  not 
provide  strong  evidence  for  or  against  either 
the  9-7®  model  or  the  9-27°  model.  The 
established  9-27®  model  should  be  retains'  until 
more  ctncluslve  experimental  evidence  against  It 
Is  presented. 

Flnallv,  as  wp  have  been  completing  this 
manuscript,  we  have  received  a  preprint  from 
Mailhiot,  Duke  and  Chang  (11),  who  have 
independently  been  studying  this  problem  using 
the  same  Hamiltonian  and  comoarahly  accurate 
theoretical  techniques.  Tney  have  und  similar 
results;  however  they  interpret  their  results  as 
provldinc  stronger  support  for  the  9=27°  model. 
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Fig.  1.  Calculated  surface  state  dispersion 
curves  In  the  gap  (solid  lines)  and  resonant 
with  the  bulk  bands  (dotted  lines),  assuming  a 
surface  bond  rotation  angle  of  6«0",  7®,  14®, 
and  27®  for  the  dangling  bond  (110)  surface 
states  Cj  and  Aj  of  CaAs.  Heavy  solid  lines 
represent  the  bulk  band  edges;  the  dashed  line 
denotes  the  data  of  A.  Huijser,  J.  van  laar  and 
T.  L.  van  Rooy,  Phys.  Lett.  65A.  337  (1978)  and 


C.  P.  Williams,  R,  J.  Smith  and  C.  J.  Lapeyre, 
J.  Vac.  Sci.  Technol.  1249  (1978).  The  C3 
state  Is  not  shown  for  6»14®,  because  this  state 
lies  too  close  to  the  0«7®  and  27®  states.  The 
27®  results  are  the  same  as  those  of  Ref.  (7). 
The  absolute  uncertainty  In  the  theoretical 
predictions  Is  shown  by  the  error  bar  at  8 
centered  on  the  data. 


9 


Fig.  2.  Calculated  energies  of  the  dar.gling  bond 
(110)  surface  states  of  CaAs  (solid  lines  for 
bound  states,  dotted  lines  for  resonances)  ut  T 
[9],  as  functions  of  the  surface  bond  rotation 


angle.  The  results  for  the  C3  state  are  from 
Ref.  IlOj.  and  K.  are  the  valence  and 

conduction  band  edges,  denoted  by  heavy  solid 
lines. 
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CcT*.  SnT«.  PbT#.  PbS*.  PbS,  AICD  THEIP.  ALLOYS 

Craij  S.  L«nt<*\  HarihiU  A.  3ou«n^^\  John  D.  Dow.  ond  P.obort  S. 

Ooparimtnc  of  Phvsic*.  L’nlv*r*isy  of  L'otr*  Oamo,  .‘.‘o:r«  Dast.  Indlnnn  46556  I'.S.A. 
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Oapartmanc  of  ?h\‘sles,  Arlsona  Scaca  Unlx-artUy,  Tanpa,  Arizona  65237  L'.S.A. 
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Daparentnz  of  Phyiiea,  L'nivariiey  of  Illinois  at  L'rbana-Champalsn 
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(Racaivad  29  July  19S6) 

Tha  orthogonalizad  plana  vava  band  seruczuras  of  Cata,  SnTa.  PbTe.  ?b.Se. 
and  PbS  ara  flz  uizh  a  naarase-nalghbor,  IS-orbital  i?^d*,  ralacivlscic 
zighc-binding  codal  that  axhibizs  clu-iieal  zrands.  Tha  band  gaps  of 
Sn^.^.Ca.^.Ta .  and  Gai.jPb.Ta  alloys  «r«-  pr't'iezad  as  funezions 
of  conpbsieiona  k,  y,  and  z.  £ouing  of  zha  gap  :s  a.xpaccad  zo  ba 
subscancial  for  Caj.^Pb.Ta.  and  aizhar  Sni...Ca.,Ta  or  Ca,.,?b.Ta  should 
«;<hibie  a  Oiisnoek  ravarsal.  '  ' 


1.  Introduction 

Tha  rockaalt-scructura  1V>VI  saiaiconcuccor 
conpoundt,  such  at  PbTa,  SnTa,  CaTa,  PbSa,  and 
PbS  all  hava  taall  band  gaps,  high  dialactria 
constants,  intarasting  dafact  lavals,  and  a 
variaty  of  vary  unusual  zhtntodynanic, 

vibrational,  alaetronin,  and  infrarad  propartiat 
|l].  Exploitation  of  nhasa  propartiat  for  tha 
fabrication  of  taehnologlcally  Isportant 
spto-alaetrer.lc  davicas  has  baan  partially 
inpadad  by  an  ineonpltta  undarttanding  of  tha 
intrinsic  and  axtrinsie  alaezronic  st.izat  of 
zhata  itatarials.  Tha  IV-Vl's  hava  oetraetad 
ralativtly  littla  zhaoratical  Azzontion, 

hcuavar,  baeausa  chair  a'.actronic  band 

tzrueturas  ara  coicplleatad,  having  largo 
ralatlvlsclc  splittings.  At  first  glanca,  it 
vould  appaar  that  tha  alactror.le  statas  of  bulk 
dafacts  or  surfacas  of  thasa  oazarials  can  ba 
undarstood  only  if  ona  a.saeutas  a  vary  tadious, 
talativiscic  thaory. 

In  this  papar,  ua  shov  that  tha  appatantly 
coapllcatad  anargy  bands  of  tha  IV-VI  ecrpounds 
can  ba  paranazarizad  by  a  slnpla  naarast* 

■a)  Par.tanant  addrass:  Dapartnant  of  Elactrlcal 
and  Co.T.putar  Enginaaring,  Vnivarslty  of 
.‘•'otra  Datia,  L'otra  Dana,  Indiana  46556. 

:)  Parizanant  addrass:  Dapartnant  of  Conputor 
Scianca,  Vcscarn  Illinois  Univi-rslcv, 
.'iaconb.  Illinois  61455. 

•  c)  Prasanz  addrass:  Thaodora  Atsoci.izes,  Inc., 
10510  Straasviau  Courz,  Pozonac.  Marvlar.d 
20Sii. 

PACS  Su.Tbar:  7l.25.Tn 


naighbor  tight-binding  modal  Hamiltonian.  Tha 
paramatars  of  this  nodal  axhibit  chamical  trands 
and  can  ba  usad  to  pradiet  tha  alaetronic 
struecuras  of  allays  such  as  ?bi.^Siv.Ta. 
.Horaovar,  chaerias  of  dafact  anargy  lavals  and 
surfaca  statas  in  IV-VI's  can  ba  cot-.^cructad 
using  this  slizpla  Hamiltonian,  as  vs  shall 
damonttrata  in  subsaquant  work. 

2.  Tight-binding  thaory 

Tha  ralativistic  Koailtonian  chat  producas  tha 
anargy  band  struczuras  has  tha  fora  {2| 

H  -  (pV2«)  ♦  V  ♦  H,„ 

♦  H^V^v/Bm'c^  -  pVsm^c^ 

(1) 

whara  V  is  tha  crystal  pocantlal,  tha  spin  orbit 
Intaraction  it 

H,o  *  h»»<7Vxp}/i.’a*c‘. 

and  tha  ramalning  zarms  ara  tha  Oarvtn  tarns  and 
tha  ralativistic  cats  cerraccion  tarn  (3|. 

E>-iiploying  tha  idaat  of  Slatar  and  Kostar  |4|, 
Harrison  [5).  Chad!  (6),  and  Vogl  at  al.  (7),  wo 
construct  tha  naaratt-naighbor  tight-binding 
Hamiltonian: 

♦  |c,t.».5»S>Ei  ^<c,i,tf.S+3|  ] 

*  “R.S'.o.l.j  1  j'-s-j -R' *^''1 

♦  h.c.l  *  H„. 
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TABLS  1.  Kaartse-ncithber  cl|hc>bindlnt  paraatccrs  of  CeT*. 
SnTt,  rbT«,  FbS«,  and  FbS,  at  fit  to  cha  band  acruecurt  of  Htraan 
at  al.  19),  In  aV.  Tha  eeluam  laballad  CaTa*  rafart  to 
Di«wock>rcvartad  CaTa  vlth  tha  valanea  (conduction)  band  axtramun 


at  Lj- 

<V)-  '-’d.da*  ^’d.s 

•  •"<>  ''..d 

are  taken 

to  be  zero. 

CaTa 

CaTa* 

SnTa 

PbTa 

PbS« 

PbS 

^.c 

•7.847 

•7.992 

•6.578 

•7.612 

•7.010 

•6.546 

E.a 

•10.974 

•  10.855 

•12.067 

•11.002 

•13.742  • 

•13.827 

S.c 

1.454 

*.657 

1.659 

3.195 

4.201 

3.486 

S.. 

0.444 

0.250 

•0.167 

•0.237 

•1.478 

•1.153 

^d.c 

9.08 

9.08 

8.38 

7.73 

8.72 

9.27 

^d.a 

25.85 

26.75 

7.73 

7.73 

11.95 

10.38 

*c 

0.505 

0.577 

0.5?; 

1.500 

1.693 

1.559 

*a 

0.447 

0.351 

0,564 

0.428 

0.121 

•0.211 

V... 

•0.617 

•0.631 

•0.510 

•0.474 

•0.402 

•0.364 

"..P 

0.877 

0.788 

0.949 

0.705 

0.929 

0.936 

"p.. 

0,790 

0.876 

•0.198 

0.633 

0.159 

0.186 

'^P.P 

2.189 

2.181 

2.218 

2.066 

1.920 

2.073 

'^P.P» 

•0.478 

•0.498 

•0.446 

•0,430 

•0.356 

•I. 281 

''P.4 

•1.14 

•1.65 

•1.11 

•  1.29 

•1.590 

•1.142 

'’p ,  da 

1.56 

1.78 

0.624 

0.835 

1.45 

1.16 

"<1.P 

•  1.55 

•  1.50 

•  1.67 

•  1.59 

•1.09 

•1.54 

''d.pa 

0.976 

0.742 

0.766 

0.531 

0.0497 

0.517 

''d.d 

•  3.79 

•  3.87 

•  1.72 

•1.35 

•1.90 

•1.67 

'’d.df 

0.887 

0.892 

0.618 

0.668 

0.692 

0.659 

Table  11.  Exparinantal  values  of  cha  fundamsncal  gap  for  CaTa, 
SnTa,  PbTa,  PbSe,  and  PbS  uttd  in  fitting  cha  cighc>binding 
paranacars  of  Table  1  (in  aV). 

CaTa 

SnTa 

PbTa 

FbSa 

FbS 

^««P 

0.2* 

0.3** 

0.186® 

0.165'* 

0.286** 

iaj  L.  Esaki,  J.  Phys.  Sac.  Japan,  1966,  H,  S89  (Kyoto  Conieranca 
Supplamant ) ,  naaturanar.ti  at  4>.2°K. 

|b]  Raf.  [10],  naasurai-cnts  at  d.2^K. 
jcj  Ref.  (10),  teaaturantr.ts  at  12°K. 

|d)  0.  L.  .Kitchall,  £.  0.  Palik.  and  J.  K.  Zanal,  Froc.  Seventh 
In*.  Conf.  Phys.  Samicond. ,  1966,  p.  22S  (1966),  niaasi:r‘'"ontt  at 
4.2®K. 
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PbTe 


wqlafax  s  r 


Reduced  Wave  Vector 

Fig.  1.  Tht  tMrgy  bajid  actuctur*  in  «V  of  ch«c  cho  loro  of  ontrgy  i»  tho  voltne#  band 
FbTa,  publlshad  by  Harsan  ac  al.  (9)  (dathad)  in  maxinua  and  thae  cha  fundaaancal  band  gap  is  ac 
comparison  with  cha  prastnc  work  (solid).  Noca  L. 


vhara  h.c.  maans  Haraician  cenjugaea,  S  aca  cha  3.  Oaearniinaelon  of  cha  ampirieal 

coek'sale  laccica  positions  of  cha  anion,  i  and  KaaxicoAian  matrix  alaaancs 

J  are  the  basis  orbitals  for  cha  cation  and 

anion  respaetivaly,  a  is  the  spin  (up  or  down),  The  paraaatars  of  this  medal  ara  listed  in 
a  and  c  rafar  to  the  anion  and  cation  Table  1.  They  ware  obtained  by  fitting  the 

respaetivaly,  and  J  is  the  position  of  cha  eigenvalues  of  the  matrix  to  cha  anergv  bands 

cation  relative  to  cha  anion  in  cha  R-ch  call;  3  published  by  Harman  at  al,  (9)  (Saa  Fig.  l>. 

"  (aL/2) (1,0,0) .  The  spin>orbic  Hamiltonian  is  Analytic  expressions  for  the  aiganvaluas  ac  high 

_  ^  symmacry  points  vara  used  to  make  an  initial 

^so  “  ^,0.0*, I  ( |s*l'tS,R>i5tg»5g<c,l,o' ,S|  J  guess  for  the  paraaatars.  Than  a  laasc>squaras 
_  fit  of  the  parameters  to  cha  calculated  energy. 

^R,o,o',j  ( !*•  j  ,0*  ,R|  ] .  bands  was  parfonad.  The  synnacry  of  the  states 

(3)  on  either  side  of  the  fundaaancal  gap  was  also 
Wa  use  nine  orbitals  par  atom  in  our  basis,  included  in  the  fleeing  procedure.  This  is 

each  with  up  and  down  spin:  s,  Pj^,  p„,  p,,  naerrsary  to  assure  cha  Dianock  reversal  (lOj  in 

4).2.y2,  <ijj2.j2,  d„y,  d^.j,  d.^.  Because  ot  efia  the  ordering  of  bands  chat  occurs  in  Pb,...Sn„Ta 

inportanca  of  r.-ia  d  bands  near  the  boeton  of  the  bacuaan  PbTe  (with  a  conduction  band  minimu.t'  at 

conduction  band  at  the  X  point  wa  found  it  Li*  and  valance  band  maximum  at  Lr*)  and  SnTa 

necessary  to  include  all  five  d  bands  in  cha  (with  cha  opposita  ordering).  The  energy  bands 

nodal.  This  approach  is  to  be  prafarr«<:  over  ware  fit  to  the  values  obtained  by  Harman  at  al. 

that  of  Robertson  (8).  which  included  o:ily  two  for  wavavactors  at  the  F,  X,  and  L  points  of  the 

of  the  five  d  orbitals,  '(a  did  nuglacc  (i)  cha  Brillouin  tena;  but  Harman's  conduction  band 

somewhat  smaller  couplings  j  bacuaan  the  s  anargias  ac  U  ware  all  shifted  by  the  sar.a  small 

states  and  the  d  seaca>,  and  (il)  cho  amount  in  order  to  guarantee  that  t",a 

**cypa  bonding  beevaan  d  states.  '  fundamental  band  gap  agreed  with  experiment.  The 

The  resulting  36x36  Hamiltonian  matrix  is  resulting  band  structures  ara  displayed  in  .-igs. 

given  in  Appendix  A.  I-J.  The  fit  of  the  band  scructura  of  CaTa 


SnTe  GeTe 
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(  )  ^6Jau3 


(AS)  A6jau3 


Heauced  Wave  Vector  Reduced  Wave  Vector 

Tlie  c.-ilcul.-ilcd  (••irrr.y  of  SiiTo.  Fl»  1  Tl..  i  t  . 

The  calrulnteil  energy  binds  of  cubic 
(rocksnlc)  CeTe. 
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Scaling  Relation  for  s  •  Levels 


Aiumie  .«  Energy  Difrerenve  (cV) 

Fig.  6.  Tho  s>orbit«l  energy  differences  in 
Che  solid,  (Table  1)  versus  rhe  s>orbical  energy 
differences  in  the  aton  |7]. 


assuaes  a  FbTe>like  ordering  of  che  conducrion 
and  valence  bands;  above  The 

possibility  exists,  however,  that  GeTe's  band 
structure  is  Oinmock* reversed,  as  SnTe's  is, 
with  being  the  conduction  band  mininun.  Ve 
denote  Cinaock*reversed  CeTe  by  GeTe*.  and 
obtain  for  it  the  slightly  different  matrix 
elenents  listed  in  Tcble  X. 

For  the  paraenters  of  the  model,  the 
differences  in  che  diagonal  naerix  elenents 
^p,c*^p.a'  approxinately 

proportional  to  the  corresponding  differences  of 
atomic  energies.  The  Vogl  constant  of 

proportionality  ff  (7]  is  about  0.6S  for  che 
s*scace  and  0.9  for  che  p'scace.  (See  Figs.  6 
and  7.)  These  proportionalities  or  scaling  rvles 
for  che  matrix  elements  of  che  eQp>.C<eol 
Hamiltonian  allow  the  theory  to  make  sensible 
predictions  of  chemical  trends  for  intrinsic  and 
extrinsic  electronic  states  of  different  1V>V1 
semiconductors. 

4.  Appllcacior  to  Alloys 

In  this  section  we  apply  the  theory  co 
Pbi.^Sr...To.  Sni^.yCeyTe.  and  Ge^.,PbjTe  alloys 
and  compute  chv'alloy  band  gaps  as  tunccions  of 
che  eomposit.'or.s  x.  y,  and  :,  using  che  virtual 
crystal  approximation.  These  materials  are 
substitutional  alloys  miscible  for  all 
co.mpositions. 

Pbi.^Sn^^Te  is  an  interesting  alloy  because  the 
band  gap  of  S.nTe  is  "inverted"  in  comparison 
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Scaling  Relation  for  p  •  Lrtcir. 


Atomic  p  Energy  Difference  (cV) 

Fig.  7.  The  p'orbital  energy  differences  in 
she  solid,  (Table  1)  versus  che  p>orbical  energy 
differences  in  che  atom  [7]. 


with  che  gap  of  PbTe:  the  fundamental  band  gap 
occurs  with  che  conduction  band  minimus  being 
che  Lg'*’  point  of  the  band  structure,  rather  than 
at  che  che  U’  point.  This  phenomenon  was 
elucidated  by  Dimmoek  et  al.  (lOJ  several  years 
ago,  who  pointed  out  chat  a  level>erossir.g 
phenomenon  occurs  with  increasing  x  as  the 
band* gap  of  Pb^.^SrivTa  decreases  and  attempts  to 
become  negative.  We  calculate  that  she  gap 
vanishes  at  x«>0.35,  in  good  arreemens  with  the 
experimental  value. 

As  a  function  of  alloy  composition,  this 
Oimmock  reversal  in  Fb^.^Sn^Te  must  undo  itself 
in  either  Snj^.yCt..Te  or*Cej.jPb,Te,  Ue  predict 
chat  che  second^  Dimmoek  reversal  must  occur 
either  near  y  »  0.6  in  5n^.„Ge,^.Te  or  near 
r  ••  0.3  in  Ce^..Pb.Te.  In  che  lorber  case.  GeTe 
must  have  che  same  ordering  of  Lg  bands  as  PbTe , 
whereas  in  the  latter  cate,  CeTe  has  the 
SnTe'like  GeTe*  electronic  structure.  (See  Fig. 
8.)  The  calculations  also  indicate  ehet  one 
should  expect  conaideraole  bowing  in  che 
fundamental  band  gap  versus  elloy  composition 
for  Cei.jPbjTe.  in  contrast  to  the  linear 
X'dapendence  of  ch^  gap  for  Pb|,^Sn^Tc.  Txis 
striking  prediction  of  the  calculation’s  is  in 
qualitative  egreement  with  the  measurements  of 
Kikolic  (11,12). 

Ue  compute  the  fundamental  band  gaps  of  alloys 
such  as  Pb,  ^Sn,.Te  by  dlagonalising  th* 
virtual'cryscal  ’  [13)  empirical  tight. oindli.. 
Hamiltonian.  The  covalent  radii  of  .■">  and  S: 
differ  by  so  little  (>  u\)  and  all  of  cho 
Hamiltonian  matrix  elements  of  PbTe  and  SnTe  cre 
sufficiently  similar  that  a  virtual  crystal 
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Fundamental  Gap  vs.  Alloy  Composition 


0.25  0.50  0.75  0.25  0.50  0.75  0.25  0.50  0.75 

X  y  z 

Alloy  Composition 


0.25  0.50  0.75  0.25  0.50  0.75  0.25  0.50  0.75 

X  y  2 

Alloy  Composition 


rig.  S.  The  calculasel  band  gaps  and  Lg'*'  and 
Lg'  band  edges  of  Pbj^,j.Snj.Te,  Snj^.yCeyTe,  and 
Gei.jpbgle  versus  alloy  eoniposisions  x,  ^y,  and 


The  sero  of  energy  is  the  Lg  band  extremun . 
The  hatched  area  is  the  gap.  (a)  For  ordinary 
CaTe;  (b)  for  Oisttock- reversed  GeTe*  (see  text). 


approximation  to  the  matrix  elements  of 

Fb]^,^;Sn^Te  Is  appropriate  for  states  near  the 
fundamental  bend  gap  115';:  the  diagonal 

Hamiltonian  matrix  elements  of  Fb|,j^Snj..Te  are 
(l*x)  times  the  FbTe  elements  plus  x  times  the 
SnTe  matrix  elements  (14).  The  off-diagonal 
matrix  elements,  multiplied  by  the  square  of  the 
lattice  constant  (5),  are  similarly  averaged, 
using  Vegard’s  Law  for  the  lattice  constant.  The 
band  edges  of  Fig.  8  vere  eigenvalues  obtained 

by  diagonalizing  this  Hamlltonl.in  for  a 

vavevector  at  the  L-polnt  of  the  SrDlouln  tone. 

5.  Conclusion 

Ve  conclude  that  the  present  tight-binding 
parameterization  of  the  IV-VI  energy  bands  Is 


adequate  for  reproducing  chemical  trends. 
Including  the  2im.mock  band  reversal  phenomenon 
in  Fbj^.j.Snj.Te.  Therefore,  it  should  provide  a 
satisfactory  starting  point  for  gencr.a:  theories 
of  localized  electronic  states  :..  these 
very  small  band-gap  materials,  such  as  “deep 
craps"  jlS)  or  surface  states.  Subsequent  vor>; 
will  use  this  Hamiltonian  to  study  a  ulde 
variety  of  problems  Involving  localized 
electronic  states  In  IV-Vl  semiconductors. 
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APPENDIX  A;  The  36x36  Hamiltonian  matrix 


'^SlVp.s 
•262'’p.s 
'^83'’p,s  . 
Hpj.j  can  be  written  as: 


where  we  have 


The  basis  sec  for  the 
|s,c,t>,  |s,c,l>,  |s,a 

36x36  Hamiltonian  is; 

,t>,  |s,a,l>,  |Pv.c,t>, 

■  *281^5. p 

0 

IPy.C.7> 

IPj.C.O 

lP2.c,t>, 

.  |Py.a,t>, 

|Px.c.^>. 

|Py,a,t>, 

IPy.C,4>, 

|p^a,t>. 

»3  - 

-282''s,p 

0 

iPv.a.O 

|d2,c.t> 

|d,,c,i> 

|d5,c,t>. 

|p;.a,4>, 

|d4,c,t>. 

|dj^,c,T>, 

|d5,c,t>. 

-  ■283''s,p 

0 

1  d^ ,  c ,  1>, 

|d3.c,l>. 

|d4.c,4>. 

and 

|d5,c,4> 

|c. .a,t>. 

id2,a,t>. 

1 63 , a , t>. 

|d4,a,1> 

|d3,a,i> 

|dj.a,t>, 
Id^.a.O,  and 

|d3,a,4>, 

|d5,a,4>. 

1 63 , a , 4>, 

0 

•28iVs.p 

where  ve 

have  d,  -  d„’.y 

’•  <>2  -  <l3z’.r’ 

•  ‘*3"‘‘sy 

Hi  - 

0 

•282Vs,p 

d4-dyj,  and  dj-dpj.. 

_  0 

•283Vs,p  - 

The  Hamiltonian  can  be  written  in  block  fo'."a 
as  follows  (only  the  lower  triangular  part  of 
the  Hamiltonian  is  given  since  it  is  Hermician); 


«s,s 

**pe,s 

Hpc.pe 

V.s 

Hpa.pe 

Hpa.pa 

0 

0 

“dc.pa 

Hdc,de 

0 

Hda.pc 

0 

Hda,dc 

Hs,s 

a  Kerui 

tian  4x4 

matrix 

K 


da,  da 


s'states  to  s*states: 

0 

S0'’ss 
0 


s,c 


and  K, 


pc,s 


0  1 
So''s,s  < 
can  be  written  as: 


a.  a 


s,a 


H 


pc,s 


0 

Lo 

where  we  have 


H, 


H 


1  " 


•’Sl'-’p.s 

•282''p,s 

L-2S3Vp.s 


Hpg  is  a  6x6  Hermitian  matrix  with  all  the 
diagonal  .  elements  equal  to  other 
non>zero  matrix  elements  in  the  lower  triangular 
region  are; 


<p„,c,t|  H  |p„,e,T>  -  i  A  /2, 

H  |Pj.,e,t>  -  Ag/2, 

<p,,c,ii  H  ipy.e,t>  -  i  A  /2, 

<P){.e.M  H  |pi.c,t>  »  -A  /2, 

<Py,c,ii  H  |p.,c,t>  -  -iA  /2, 
and^ 

<Py.c.H  H  |p>..c.i>  -  •iAp/2. 

Hp^,pa  is  a  6x6  Hermician  matrix  of  the  same 
form  as  Hpp  pp,  but  with  the  diagonal  elements 
equal  to  Ep  ^'and  the  ocher  non* zero  elements  as 
above  with'^ip  replaced  with  A^. 

Hpa.pp  *  diagonal  6x6  matrix  with, 

<P};-».’I  H  lPx-«-^>  “  'x  X 
<Pv‘a-’l  H  lPv.  =  .'»>  -  'v’v 
<pj,a,t|  H  |pi,c,t>  -  Vj*' 

<p“,a.»|  H  |p“,c,<>  -  V*‘“ 

<Py.«.‘l  H  Ip' ,c,»>  - 
<p;,a,i|  H  |p;,c,i>  -  V,'; 


and 


V 


z,z 


*^da,pc 
^da ,pc 


^Ss'V'P  *  ^^64*65)  ^'p.pir 

^Sg^'p^p  2(g4''’Sj)  ^'p,pir 

can  be  written  in  block  form  as: 


0 


Suoerlanices  and  Microstructures.  Vol.  2.  No.  5.  1986 


499 


■••here  Hj  is  the  5x3  matrix: 


^3S2Vp,d 

0 

sl'’'p .  d 

®2^  p ,  d 

•-S3'’p.d 

'^S2''^p,dx 

•ZSl^.dm 

0 

0 

•2S3Vp.de 

•V-’p.de 

0 

"2SiVp  d:r 

Hj.  is  of  the  same  form,  but  with  V  and 
'’y  ''d.p  ’^d.pr- 

Hdj  ^5  is  a  10x10  matrix  '-ith  only  four 
non-zero  off-diagonal  elements.  The  diagonal 
elements  are: 

<dj^,a.t|  K  |dj^.c,T>  -  <d^.a.t|  H  |dj^.c.:> 

“  V2  (84'*'85)V<i_(J  +  <2s6+Sa/2+83/2)Vjj_<jj 

<d2.a.t|  H  Idj .0, T>  «  <d2,a. » I  H  |d2.c.J> 

-  V2  (84+85)  Vj  (2s5+Si/2+S5/2)V^_j 

<d2.a,t|  H  jd^ ,0,  t>  •  <d2,a,  1 1  H  |d2.c,» 

-  2  (54+85)  Vj  +  2  gg  Vj, 

<d4.a.J|  H  |d4.c,t>  -  <di.a.*|  H  |di.c.»> 

-  2  (55+55)  +  2  St,  'liM 

<d3,a,t|  H  |d5,e.f>  -  <d5.a.t|  H  143.0. »> 

-  2  (S4+S6)  +  2  85  '^’d.di  • 

The  non-zero  off-diagonal  elements  are  all 
equal: 

<dj^.a.*|  .H  |d2.c.f>  -  <d2.a.;|  H  |d2.c.r> 
-Od^.a.il  H  |d2,c,*>  “  <d2,a.l|  H  |d3.c.t> 

-  (y3)/2  (gj-gi)  (Vj^  - 

uhete  ve  have 

5(}(S)  -  2(Cos(kjjaL/2)+cos(k,_.a^/2'+cos(!«2ai_/2)  I , 
52(?.)  «  i  sin(kj^aL/2) . 

S2(?:)  -  i  sia(kyaL/2>. 
iiCx)  -  i  sin(k,aiy2). 

S^(i:)  -  eos(kj.a[_/2> . 


S3  (it)  -  cos(<ya.^/2) . 
and 

S5(k)  -  cos(k,a,y2). 

The  parameters  s‘  '^s  p  '■'p  d  correspond 
to  the  integrals  (sso)^. 'tsp<7)2.'^(pdo)i  in  P.ef. 

Mj  2  and  ^  are  both  10x10  diagonal  matrices 
whose  elements  are  Ej  ^  and  Ej  ^  respectively. 
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The  doping  characters  of  vacancies,  the  existence  of  impurity 
resonances.  Fermi-level  saturation  and  de-sacurntion,  the  sensitivity  of 
the  resonances  to  host  chemistry,  the  behavior  of  Inas  both  a  donor  and 
an  acceptor  in  Pbj.jjSnj^Te,  and  ''he  octurrence  of  other  apparently 
anomalous  valences  of  impurities  in  IV-vi -se.micohductofs  are  shown  to  be 
simple  and  direct  consequences  of  a  covalenr  lefuct  theory,  with  several 
of  the  important  defects  necessarily  assigned  to  "incorrect"  or  "anti" 
sites . 


In  this  paper  wo  present  a  simple  nhemical 
theory  of  s-  and  p>bonded  substitutional  point 
defects  in  PbTe  and  ?bj^,jjSn„To  which:  (i) 

Corroborates  experimental  evidence  11]  and  the 
predictions  of  Prart  and  Parada  [2!  (confirmed 
by  Komstreet  (31)  that  cation  vacancies  are 
double  acceptors  while  anion  vacancies  are 

double  donors;  (ii)  Naturally  produces  resonant 
defect  levels  near  the  fundamental  band  gap 
("nearby  resonances")  chat  can  limit,  pin,  or 
saturate  the  bulk  Fermi  energy  so  that  increased 
doping  beyond  a  critical  value  does  not  normally 
increase  the  Fermi  energy  (Experimentally  this 
Fermi -level  saturation  has  been  inferred  fro.m 
"saturation  anoraallos'  in  the  Hall  coefficient, 
the  Shubnlkov  de  Haas  effect,  and  many  other 
effects  (1.9].):  (iii)  Also  predicts  resonant 
levels  further  away  from  the  gap.  termed 
"distant  resonances"  (c.~.,  associated  with 
Column- I  or  -VII  impurities  (1.9])  that  can 
de-sacurate  the  Fermi  level  and  overcome  the 
saturation  anomalies  (as  observed  in  In/I-  and 
Tl/Na-doped  PbTe  il.9,5i):  (iv)  Explains  why' 
defects  in  different  hosts  have  quite  different 
Fermi-level  saturation  energies  !1.91:  (v) 

Explains  why  some  impurities,  such  as  In  (or 
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other  Column- III  i.xpurltles) .  can  be  donors  in 
Pbte  but  acceptors  In  SnTe  (1.9);  (vi)  Suggests 
that  antlslte  defects  and  impurities  on  the 
"incorrect"  site  are  common;  and  (vli)  Shows  why 
PbTe,  with  Its  large  dielectric  constant  (that 
should  almost  fully  screen  Coulomb  effects) 
nevertheless  appears  to  support  different  ionic 
valence  states  of  ?b:  divalent  Pb^'*'  and 
totravalont  Pb'*'*'. 

The  central  idea  of  the  theory  is  that  s-  and 
p-bonded  defects  each  produce  one  s-like  and 
three  p-like  "deep"  levels  wish  energies  in  t'r.e 
vicinity  of  the  fundamental  band  gap.  Those 
levels  are  absent  in  the  co:ivontlonal 
effective-mass  picture  of  impurity  levels. 
Consider  a  Cd  im.purlty  on  a  Pb  site  in  PbTo.  One 
can  imagine  creating  this  impurity  in  three 
step.s:  (i)  add  two  holes  to  PbTe,  to  acco^mt  for 
the  difference  in  the  number  of  valence 
electrons  between  Cd  and  Pb;  (ii)  add  two 
negative  nuclear  charges  to  the  Pb  nucleus  on 
the  impurity  site,  again  to  account  for  the 
valence  difference,  and  (iii)  adjust  the 
potential  in  the  impurity  central -cell,  so  that 
the  Cd  potential,  not  the  Pb  potential,  is 
present  at  the  impurity  site.  (That  l.s,  turn  on 
the  "defect  potential"  which  represents  the 
difference  between  the  poteneia.,s  of  C;i  and  Pb.) 
The  first  two  stops  are  implc--.-  .‘d  in  an 
ordinary  effective-mass  theory  o:  .shallow 
impurity  levels  (6).  and  do  not  produce  strong 
impurity  resonance  levels.  The  third  step,  l.e., 
the  introQuetion  of  the  central -cell  Jofoct 
potential,  has  two  effects  (a)  a  sligh'..  shift 
of  the  shallow  Impurity  love's  i  t.n;-  shift  is 
sm.ill  because  very  little  of  the  :ioctive-mass 
wave- function  lies  within  the  central -cel  I > ,  and 
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(bi  tfie  production  of  s-  and  p-llke  "deep" 
levels  (often  resonant)  associated  with  the 
perturbed  chemical  'onds  between  the  impurity 
and  the  host.  Most  effective- mass  theories  do 
not  include  the  effect  (b).  In  IV-VI 
semicontiuctors  the  static  dielectric  constants 
are  very  Urge  (t  -  lOf  in  Pbte  (1)).  and  so  all 
of  the  Coulomb  effects  are  almost,  fully,  screened 
and  negligible.  Hence  the  dominant  impurity 

effect  -in  IV-VI-s  is  the  production- of  energy 
levels  associated  with  the  perturbed  bonds. 
Because  the  fundamental  band  gaps  of  IV-VI 
semiconductors  are  so  small,,  most  of  those 
energy  levels  lie  -outside  the  gap  and  are 

resonant  with  either  the  valence  of’  Che 

conduction  band  ••  levels  we  terra  "deep,” 
because  they  are  due  to  the  cehcral-cell 

potential  (7,8]. 

To  understand  the  physics  of  these  deep 
levels,  consider  iiiit  neutral  defects''(9)  on 
the  ahldh  site  of  PbTe  (Fig.  1).  Begin  with  chd 
simplest  defect,  Te,  that  is,  ho  defect  at  all. 


0  I  u  in  IV  V  VI  VII  VIII 


I'hTc  .VS)  ..„i.  <•:,  ;«>. 

Because  Te  is  s-  and  p-bondedwe  can  think  of  it 
as  having  various  multiplecs  of  s  and  p  "levels" 
that  are  "broad  resonances"  --  chat  is.  the 
various  bands.  One  such  multiplet  of  .s  a.-.rt  p 
levels  is  the  valence  band.  So  we  can  think  of 
the  Te  "impurity"  as  h.ivlng  s  and  ;p  "deep 
levels"  that  lie  resonant  with  the  valence  b.ind. 
which  is  generally  acknowledged  to  hive 
primarily  Te  p-character  with  some  s-character 
(2,10].  (Of  course,  the  six-fold  degenerate- p 
Uvels  are  split  by  the  spin-orbit  interaction 
into  a  four-fold  degenerate  p^.j  level  and  ,a- 
twd-fold  degenerate  pj  level,  as  shown  in  the 
figures.)  ' 

Now,  imagine  continuously  converting  fe 
successively  into  the  othef  Row-S  elements  Sb, 
Sn,  In,  Cd,  ,Rb,  and  a  vacancy.  Moving  to  the 
left  in  the  Periodic  table  corresponds  foughlv 
to  all  of  the  following  equivalent  operations'; 
(1)  Increasing  the  atomic  energy  levels  of  the 
defect:  (il)  increasing  the  strength  of  the 
defect  -potential:  and  (lii)  decreasing  the 
electronegativity  of  the- defect.  (A  vacancy  can 
be  thought  of  as  ah  atom- with  very  large  atomic 
energies  -■  so  large  that  the  "atom"  is 

completely  out  of  resonance  with,  and  does  not 
couple  to,  its  neighbors  ,(ll).)  Therefore  as  -he 
moves  to  the  left  in  the  Periodic  table,  there 
levels  -move  up  ;ih  energy-.  the  deep 
resbhahees  also  become  narrower,  as  the  defect 
moves  out  of  resonance  with  the  host, 

Pratt  and  Pirada  showed  that  the  Te-vacahey, 
which  corresponds  to  "Column-z,evo"  of  the 

Periodic  -Table, and  a  strongly  repulsive  defect 
potential,  has  its  p-levels  above  the  conduction- 
band  edge.  Thus,  somewhere  between  the  Te 

"defect"  (Coluran-VI)  and  the  vacancy  (Cohimn-O), 
the  p-levels  of  the  valence  band  cross  the  gap 
into  the  conduction  band.  Ouf  calculations  for 
PbTe,  which  reproduce  the  well-accepted 

Pratt-Parada  result  for  the  vacancy  (also 
obtained  by  Hemstreet)  indicate  thkt  the 
p-levels  cross  the  gap  near  Column-Ill  (Fig.  1). 
Similarly  the  s- levels  cross  into  the  conduction 
band  as  well  (again  a  feature  of  the 
Pratt-Parada  theory,  Hemstreet's  work,  and  the 
present  computations  for  the  Te-vacanev);  with 


Fig.  1.  Predicted  energy  levels  and  their 
electronic  occupancies  for  neutral  anion-site 
Rb-Row  substitutional  defects  In  PbTe.  V 
denotes  the  anion  vacancy,  which  can  be  thought 
of  as  originating  from  Co'lumn-0  of  the  Period 
Table.  The  Columns  of  the  Periodic  Table  label 
the  lower  part  of  the  figure.  Typically  the 
levels  are  ordered  with  increasing  energy:  s, 
V\/2'  '‘"<1  P3/2-  ilectrons  in  levels  above  the 
conduction  band  minimum  decay  to  the  Fermi  level 
(which,  for  othervise  perfect  PbTe  is  the 
conduction  band  minimum) .  Holes  in  the  valence 
band  bubble  up  to  the  Fermi  level  (valence  band 
maximum).  Hence  is  a  double  donor. 

Electrons  (holes)  are  denoted  by  closec  circles 
(open  triangles).  Electrons  that  originate  from 
higher  levels  appear  at  the  cop  of  the  diagram 
for  I  and  Xe.  The  dotted  lines  between  defect 
levels  emphasize  the  chemical  trends  across  the 
Row  of  the  Periodic  Table.  A  K-vel  plotted  off 
the  scale  is  meant  to  suggest  that  .<i.:cli  .i  level 
exists  outside  the  window  of  the  dlagr.im 


our  calculations,  she  crossing  occurs  bo'.-ween 
the  vacancy  (Column-0)  and  Column-!.  i;ot=  that 
the  basic  structure  of  the  theory  displ.iyed  in 
Fig.  I  Is  a  consequence  of  continuity  and  she 
well-accepted  Pratt-Parada  theory  of  the 
vacancy.  The  only  features  of  the  results  that 
depend  on  the  Row  of  the  Periodic  Table  or  on 
any  quantitative  theoretical  factor  are  the 
strengths  of  the  defect  potential  (or, 
equivalently,  the  Columns  of  the  Periodic  Table) 
at  which  the  s-  and  p-levels  crosr  she 
fundamental  band  gap, 

A  similar  analysis  of  the  Pb-slte  b-gins  with 
Che  Pb  "defect"  on  the  Pb-site  which  has  an 
s-level  in  the  valence  band  and  p-levels  in  the 
conduction  band  (Fig.  2):  the  conductlor  b.and  is 
largely  Pb  p-like  and  the  Pb  s  .states  lies  in 
the  valence  band  |2.10|.  .Makini;  the  defect  .more 
electropositive  (going  from  Colu.nn-IV  to 
Colu.mn-0)  drives  these  levels  u;*  in  energy  until 
eventually  the  s-level  cr  . .es  into  the 
conduction  band  (between  ('o'.  -s-O  and  Column-I) 
to  for.m  the  deep  lovel.s  of  t:..  vacanov.  Making 
the  defect  electronegative  drives  the  levels 
down,  so  char  the  p-levels  ul  timacelv  I'lup  .nto 
rK<-  valence  band.  For  the  Ph-row  e'  the  .Periodic 
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Tig;  2.  Deface  levels  of  eaclon*sice 
subs  cl  cue  Iona  1  defects  l.\  FbTe  fbt  the  Cs*R6w; 
Vj  denotes  a-  cation  vacancy. 


Table,  our  calculations  Indicate  that  the 
p-leveis  cross  the  gap  to  the  right  of 
Coluiiin>VIII; 

the  consequences  of  this  slnple  picture  of 
level  Bovement  with  defect  potential  strength 
are  considerable.  Consider  first  an  "ancislte" 
in  aedra  on  a  Te  sice.  It. produces  a  donor  .in 
FbTe  (12),  with  Its  "deep"  p  states-  forming  a 
nearby  conductlon'bahd  resonance  In  both  the 
theory  and  the  data  (13).  Furthermore  the  p 
states  are  spilt  Into  a  doublet  of  P1/2  1*1/2 
levels  by  relativistic  effects  (lo];  such  a 
doublet  has  been  observed  for  Ga  (15.1 1  which  Is 
predicted  to  have  a  very  similar  level  structure 
to  th.ic  of  In  (Fig.  1).  The  resonant  In  states 
lead  CO  saturation  of  the  Fermi  energy:  once  the 
concentration  of  free  electrons  Is  so  high  that 
the  Fermi  energy  coincides  with  the  p*resonance, 
the  previously  unstable  resonance  becomes  a 
stable  electronic  state  capable  of  holding  six 
electrons  per  In  atom  (three  more  than  In  Itself 
provides)  and  the  Fermi  energy  cannot  move 
higher  until  these  In  resonant  levels  are 
completely  filled  by  electrons  from  some  ocher 
donor  with  a  still  higher  resonance  level,  such 
as  Cdpg  or  Iodine  on  either  site  (Figs,  l  and  2 
(16)).  The  energies  ‘  of  the  p  resonances  with 
respect  to  the  valence  band  edge  are  sensitive 
CO  Che  host  and  appear  to  pass  through  the  b.-tnd 
gap  Into  Che  valence  band  as  a  function  of  alloy 
composition  x  in  Fb^.j^Snj^Te  (Fig.  3).  Once  the 
levels  arc  In  the  valence  band  and  below  the 
Fer;'.i  energy.  In  becomes  an  acceptor,  as 
observed  (1.4. 17).  The  levels  resonant  with  the 
conduction  band  of  FbTe  occur  nacur.tlly  In  the 
theory  for  the  ln.j.g  defect,  and  appear  to  mo%'c 
down  through  the  gap  as  the  Sn  concent  of  the 
host  Is  Increased  ••  in  excellent  agreement  with 
the  data  (1.4)  (Fig.  3).  At  the  same  time,  the 
Pbi  .^SnjjTe  gap  undergoes  a  Olmmock  reversal 
(ls,l9)'.  Ue  cannot  explain  these  data  for  the  In 
resonance  with  "normal-site"  In;  with  ancislte 
In.  the  explanation  Is  simple  and  natural. 


Fig.  3.  Energies  of  the.  theoretical  conduction 
band  and  valence  band -edges  (hatched)  arid  in^g 
defect  -levels  In  Fbi. j^Sh^Te  versus  alloy 
composition  x,  compared  with  the  data  (circles) 
of  Refs.  (1)  and  (4) . 


The  provocative  suggestion  that  In  (as  well  as 
(|a  and-Af)  occupies  a  Te  site  when  It  produces  a 
resonance  In  the  FbTe.  conduction  band  receives 
support  from  the  fact  that  Cd's  tendency  to  be  a 
donor  In  FbTe  Is  also  incompatible  with  its 
occupying  a  Pb  site  exclusively,  as  cah.be 
demonstrated  without  a  calculation:  The  p  deep 
levels  of  Cd  on  the  Pb  site  are  unquestionably 
resonant  with  the  conduction  band  and  Cd's  deep 
s  level  can  conceivably  lie  either  In  the 
valence  band,  In  the  gap,  or  In  the  conduction 
band.  In  any  case,  this  level,  which  contains 
two  electrons  for  the  corresponding  Pb  atom  on 
the  cation  site,  can  be  thought  of  as  having 
those  two  electrons  removed  on  account  of  the 
valence  difference  between  Cd  and  Pb.  If  the 
level  lies  In  the  valence  band  (20),  the  two 
holes  bubble  up  to  the  valence  band  edge,  making 
Cd  a  double  acceptor.  If  the  s- level  lies  In  the 
gap,  Cd  Is  a  deep  trap  for  two  electrons.  If  the 
s- level  Is  above  the  conduction  band  edge,  Cd  Is 
electrically  Inactive:  neither  a  donor  nor  an 
acceptor.  In  any  case,  Cd  on  a  Pb  site  cannot  be 
a  donor.  This  result  Is  Independent  of  .\ny 
calculation. 

In  our  model,  we  calculate  the  Cd  s- level  to 
He  In  Che  valence  band  (similar  to  Hg  In  Fig. 
2),  making  Cd  a  double  -tccepcor  on  the  Pb  site. 
Thus  the  observation  of  donor  action  as  a  result 
of  Cd  doping  Indicates  chat  Cd  Is  not  on  its 
"normal"  site  and  Is  compelling  evidence  chat 
either  "ancislte"  Cd  (on  the  Te  sire)  or 
Interstitial  Cd  (3)  commonly  occurs.  One 
provocative  consequence  of  the  theory  presented 
here  Is  that  "ancislte"  Impurities  are 
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>reliiclyely-coiM6n-«nd  responsible  for  several  of 
the  striking  experiaental  observations:  for 
exanple,  the  tH^fy  cannot  explain  t^ 
Fetnl'level  ^saturation  data,  for  In,  Ca,  or  Ai 
without  assuslng.  that  those^  lnpurltles- occupy  Te 
sites. 

The  'predlctVd  elect»hlc  dccupancles  of.  the 
various  levels  (assuaihg  otherwise  perfect  PbTe) 
are.  also  shown  for  neutral  defects  In  Figs.  1. 
■and  2..  .'piey  are  obtained  by  adding,  electrons  of 
holes  to  account  for  the  valence  difference 
■between-  the  lapurlty  and  the  host  atom  It 
replaces.  For'^exanple,-  to  simulate  Cd'  on  a  Te 
site;,  one  adds  four  holes*  to  the  p-levels;  This 
.leaves  a  doubly  occupied  -Pwo  level  resonant 
with  ftie  conduction  band,  which  Is  unstable  If 
it  lies  above  the  Feml  level;,  hence  the 
electrons-  in  the  Cdj^  Pl/2  defect  level  of 
otherwise- perfect  PbTe  decay  to  the  conduction 
band  alnlnun,  naklhg-Cd  on  the  Te  site  a'^'double 
donor.  Thus  we  suspect  that  "antlslte" 
Impurities-  are  coramdh-  in-PbTeahd  other  IV-VI 
senlcdhductofs  and  Chat  significant 
concentrations  of  Cd  atoms  on  Te  sltes.’Wlll  bo, 
obser-red  in  EXAFS -and  magnetic  resonance  studies 
of  Cd -In, PbTe. 

Defects  on  the  anion  site,  such  as  Cd,  that 
cause,  levels  derived  from  the  host  Te  atom  to 
;cross-tthe,  rfundamental'  -band'  gap"  ‘1 20]'  exhibit 
"abnormal"  doping  behavior;^  they,  do-not  obey  the 
usual  valence  rules  of  effeccive>inass  theory. 
Therefore  Cd  is  a  double  donor  on  the  Te  site, 
whereas  effectlve>mass  Intuition  w6u.\d  have 
predicted  it  to  be  a  quadruple  acceptor.  This 
difference  In  predictions  of  six  Is  due  .to  the 
fact  that  six  spln'orbital  levels  have  crossed 
the  gap  (20)  during  the  conversion  of  Te  Into  Cd 
(Fig.  1)‘.  In  the  case  of  the.  Te  vacr  cy,  which 
has  six  fewer  electrons  than  Te,  both  i  s  and' 
p  levels-  of  Te  cross  the  gap,  and  si.i  of  the 
eight  electrons  in  those  levels  for  Te  are 
removed  to  form  fhe  vacancy;  the  two  remaining 
electrons  decay  to  the  conduction  band  edge, 
making  the  Te  vacancy  an  abnormal  double  donor. 

Such  abnormal  doping  behavior  commonly  occurs 
(cheoretlcaiiy)  In  IV-VI  semiconductors  for 
Impurities  chat  lie  a  few  Columns  distant  In  the 
Periodic  Table  from  the  host  atoms  they  replace. 
Therefore,  if  the  apparent  valence  of  an 
impurity  in  a  IV-VI  semiconductor  does  not  agree 
vlci.  Che  expectations  of  effective-mss  theory, 
one  should  first  examine  the  possibilities  Chat 
Che  doping  is  abnormal  (apparent  valence 
differing  from  the  effective-mass  values  by  two, 
four  |21j,  or  six)  or  that  the  impurity  is  on 
the  "incorrect"  or  "anti"  sice. 

With  a  dielectric  constant  of  <  •«  10^,  PbTe 
cannot  support  defects  that  arc  strongly  ionic 
within  Che  unit  cell.  Charged  impurity  states 
can  exist,  but  much  of  the  charge  will 
necessarily  lie  in  parts  of  the  defect 
wave-function  that  are  distant  from  the  central 
cell.  Therefore  impurities  are  not  properly 
viewed  as  being  in  ionic  states  and  the  oft-used 
terminology  chat  an  impurity  replaces  either 
divalent  or  cccrnvalent  Pb  is  inappropriate. 
Invariably  su-.h  terminology  is  used  to  explain 
away  abnorm.ll  doping  behavior  within  an 
effective -mass  picture:  the  deficient  valence  is 
introduced  to  account  for  a  state  that  has 
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^e  theory-makes  Che  following  predictions  for 
Te-slce  defects:  Cblumn-I  and  -II  impurities' on 
a  Te' site.  are-.abnormaT  single  and  double  donors i 
respectively.  Column-lil  impurities  are.  mixed, 
with  B  a-, normal  triple  acceptor;  and  with  A!, 
Ca,  arid-  In  abnormal;  triple  (-12|  donors.  In  .ill 
cases,  the  relevant .-pj/2  level  lies  near  the 
band  gap.  In -the  valence  baiid  for  B-and  in  the 
conductldn  band,  tor  At,  Ca,  -In,  and  T2. 
According  CO  the  theory.  Column- IV,  -V,  •VI,, 
-vil;  and  -Vlli '(except  He  [22))  impurities  are 
all  normal  on  the  afiloh  sice,  producing  double 
acceptor,  single  acceptor,  isoelectronlc  center, 
single  donor,  'andrdouble  donor,  behavior. 

On  -the,  cation-site  the-  Pb  vacancy  is  an 
abnormal  double  acceptor,  while  .ilkdll 
impurities  and-  Column-H  defects  are  normal 
triple  and'  double  acceptors.  Columns  III,  IV, 
arid  V  produce-  normal  single  acceptbr.s. 
isbeleccrbhlc  centers,  and  single  donors, 
respectively,  -r  except  for  N,  which  is  predicted 
to  be  a  quintuple  acceptor,  and  possibly  C, 
which  is  predicted  to  have  a  deep  pj^2  level 
slightly  above  the  conduction-band  edge  (but,  if 
this  level  actually  were  to  lie  in  the-  gap.  it 
wquld  .be  capable  of  trapping  two.  electrons) .  Two 
-po-^sioillties  are  predicted  for  chalcbgehs  on  a 
Pb  site  in'  PbTe:  S,  Se,  Te,  and, -,Pb  should  be 
normal -double -dotibrs;,  Hut  both -the  Pl/2 
levels  lie  below  the  valence  band  maximum  for  6, 
making  it  a  quadruple  acceptor.  F  is  an  abtibrraal 
triple  .acceptor  with -all  of  its  s-  .ihd  p- levels 
in  the  valence  band,  while  the.  theory  placc.s  the 
Pl/2  I'’  valence  band,  making  CS 
a  single  donor,  and  the  pw2  level  of  Br  In  "he. 
band  gap  (a  single  donor  anf  a  deep  hole  trap). 

•I  and  At  are  normal  triple  donors,  Tlic 
substituflbhal  fare  gas  defects  are  generally 
abnbrmal;  double  acceptors  (,S'e,  Ar),  deep  p-j/,; 
traps  (Kr),  6r  double  dbnbrs  (Xe).  kn  is  nufinai: 
a  quadruple  acceptor. 

The  theory  in  its  present  form  muke.s  no 
predictions  concerning  the  sblubllity  of 
specific  impurities  at  particular  sites. 
Nevertheless,  as  we  have  shbv.ii,  the  theory's 
predictions  of  levels  often  can  be  reconciled 
with  data  only  if  the  impur-cy  occupie.s  a 
specific  site.  The  model  is  based  on  a  simple 
empirical  sp^d’  tight-binding,  theory  (10) 
applied  to  IV-VI  semiconductors  following  ideas 
of  Vogl  [23)  aiid  HJalmarson  [7)  fur  11 1 -V 
semiconductors.  Charge-state  splittings  (whlcli 
should  be  negligible)  and  lattice  relaxation 
(which  may  shift  levels  as  much  as  tenths  of  .in 
eVi  h.-ive  been  omitted  in  order  to  display  the 
chemical  trends  of  the  defect  levels  simply  and 
generally.  The  model's  predictions  arc 
remarkably  insensitive  to  alterations  of  the 
model,  and  will  be  compared  with  data  in 
subsequent  work. 
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A  classicabwell  or  superlaitice  structure  can  enhance  luminescence  by  impeding  energy 
transfer  to  killer  centers. 


in  this  paper  we  show  that,  under  certain  conditions,  a  superlattice  structure 
or  a  classical'weil  structure  c^  enhance  the  low-temperature  luminescence  6f-a 
material  by  irhpedihg  exciton  transport  to  non*radiative  killer  centers  [1.2.3] 
(Wolford  et  al.  have  shown  that  alloy;  fluctuations,  have  a  rinular  effect  on 
energy  transfer  in  the  GaP :  N  system  [3].) 

The  basic  idea  is  that  the  superlattice  or  classical-well  introduces  barriers  to 
exciton  migration  in  one  of  the  three  dimensions:ahd  therefore  increases  the 
effective  mean  distance  from  the  exciton  to  the  nearest  accessible  hon>radiative 
recombination  “killer'*  center  (fig.  1).  This  exciton  confinement  effect  reduces 
the  nonoradiative  recombination  rate  of  excitons  and  therefore  increases  the 
luminescent  yield. 

To  see  that  such  an  effect  must  exist,  consider  a  lattice  with  N  traps 
(lion-radiative  recombination  centers)  dispersed  in  three  dimensions  with  den¬ 
sity  (the  mean  distance  between  traps  is  of  order  D)..Then  consider  a  slice 
of  this  lattice  of  thickness  A  <«:  D.  The  mean  distance  between  traps  in  this  slice 
is  of  order  Z)(Z)/A)'/*,  larger  by  a  factor  As  A  becomes  small  in 

comparison  with  D,  the  distance  from  an  exciton  to  a  non-radiative  trap  in  the 
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Fig.  1.  A  .whemaiic  one'clectron  diagram  of  a  classical<well  structure  (energy  versus  position).  The 
large  band'gap  layers  form  the  confinement-weil  in  the  material  of  band  gap:£yjp.  An  esciion 
(propeller)  diffuses  (arrow)  to  the  nearest  accessible  killer  center  (double  lines)  through  other 
impurity  levels  (solid  lines).  Killer  centers  in  the  barrier  are  inaccessible  either  because  they  are.ioo 
far  from- the  well  for. efficient  transfer  to  them. to  be. possible  or  because  the  change  ot  their 
energies  by  the  ^rrier  fen^fs  them  put  of  .resonance  (l),and. impotent. 


sliiie  bec(Dme.<!  large,  so  that- ah  exciton  confined  to  the  slice  can  more  easily 
fadiatively  .0  '.ay  before  being  trapped. 

Slated  m<  t  quantitatively,  the.  probability  that  the  nearest  trap  is  a  disiahce 
r  from  the  e>  iion  in  a  three-dimensional  lattitie  is 

p«(r) » 4ffr^vC(l:-  A- j'^'  ' »  4«'r^vC  exp( 

where  we  have  1' «  417^ V3,  C  is  the  density  of  lattice  points.  .vCis  the  density- 
of  (randomly  distributed)  traps  (.vC ■>  Z3"’')..and  we  have. assumed  a  «»:  1.  the 
mean  distance  to  the  nearest  trap  is 

''Pjr)dr/j'^pjr)dr 
Jo  Jq 

-r(4/3)(4rr.vC/3)''^-\ 

where  r(.*)  is  the  gamma  function.  For  a  thin  slice X  <«:  (aC)"'''-'  we  have  the 
probability 

Px{r)’n  2(7rX.vC(l  -  =  IrrXxC  exp(  -/4XaC). 

and  the  mean  distance  to  the  nearest  trap  in  the  slice  is 
/?,-r(3/2)(cX.vC)''''. 
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Here,^  isnjie  area'«rrA  thus  we  have 

Rx/R-^  =  (r(iy"W6)''-(:vC)"'^'‘A-'''-a(Z)A)‘'^ 

We  have  executed  rnodd  calculations  to  illustrate  the  effect  oh  the  iuhiines* 
cence  of  this  change  in  effective.nearest-trap<distance  by  the  classical  vvell.  We 
assume  that  excitons  walk  randomly  on  a  lattice  containing  traps  which  are 
distributed  randomly.  The  jump  time  of  the  excitbn  .between  .sites  is  a  constant. 

the  e.\citoh  concentration; is  small:  and  the-excitons  initially  are  ran¬ 
domly  distributed  on  the  lattice  point.^.  Excitons  jump  to  nearest-neighBqr  sites 
only  (with  equal  probabilityji  and,  once  trapped,  never  reappear.  Tlie  effect  of 
the  superlattice  or  classical  well;  is  to  confine  the  excitoh  to  a  slab:  when  ah 
excitqn  attempts  to  pass  through  a  slab  bounda^.  it  is  perfectly  reflected 
(unless  the  confined  slice  is  only  one  atomic  layer  thick,  ih  which  case  tl.e 
excitoh  is- only  permitted  to  jump  to  one  of  its  four  neighboring  sites). 

.Our  results,  as  obtained  using  Monte  Carlo  tKhniques  (5-7)  for  2000 
excitons,  are  given  in  fig.  2  for  a  modd  ih  which  we  haye  rj„,„p»2  ps. 
;V  ■  10■^,ahd.a  radiative  lifetime  of  t  ■  l./ts  (8).  (The  Monte  Carlo  calculation 
has  been  checked  by  calculating  the  mean  number  of- steps  qefqre  trapping  for 
various  analytically  solvable  (7)  problems  involving  randont  walkers  on  lattices 
with,  traps  (9j.)  Because  we  ha\e  Tju„p  <k  t.  we  first  .cbnripute  the  number  of 
excitons  repaihihgLunjraRpj!d,asMtming.noiradiative“transitions-(T-*-x)?and= 
theti  multiply  this  result  by  exp(-r/T)  to  obtain  a  good  approximation  for  the 
luminescence  intenrity  !.(/),:  normalized.to  unity  at  r-0.  Note  that  confining 
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Fig.  2.  Luminescence  L{  i )  versus  time  r  in  units  of  the  jump  time  for  an  exciton  confined  to 
a  well  of  thickneh  \  ■  </),.  lOo)..  or  x.  where  U),  is  the  lattice  constant.  These  curves  were 
calculated  for  2000  random  walkers,  with  .v  ■  10*’,  r  ••  I  ps.  and  « 1  ps. 
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wells  of Sol-  and  iOa,..  where  *•'<  lattice  constant,  do  enhance  the 
luminescence  as  expected:  The  total  luminescent  yields  are  enhanced  hy  factors 
of  iM,  V.59.  and  T.33.  respectively. 

The  present  work  is  meant  to  demonstrate  the  ^L.alitative  effect  on  luminos* 
ity  of  exciion'loMlization  by  superlattires  or  cia.ssical*wel|  barriers,  and  hofk* 
fully  will  stimulate  experinienu  to  observe  and  quahtitativsly  demonstrate  the 
effect,  which  may  have  been  present  in  the  rjKent  experiments  of  Petroff  et  ah 
(10).  The  principal  limitation  of  the.  present  work  is  pur  as.sumption  that  the 
exciton  is  of  zero  radius  and  resides  oh  a  single  lattice  site  at  a  time.  This 
implies  that  the  pr^ntVtheory  is  likely  to  be  quantitatively  applicable  to  6h|y 
smalhradius  Freiikel  excitons  and  to  organic  classical  wells  dr  superlattices.  In 
semiconductors,  excitons^have  large  radii  and.  when  confined  in  wells  of  le.ss 
than  r  100  A  width,  exhibit  quantum-well  e.Tects  not  included  in  the  present 
model'lll).  Nevertheless  if  the  transport  to  the  non-radiaJve  killer  center 
proceeds  a  result  of  migration  of  one  carrier  through  successive  small-radius 
deep-level  states  that  have  significantly  different  energies  in  the  barrier  than  in 
the  well,  the  present  model,shpuid  apply  semiquahiitatively. 
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Predictions  are  given  for  the  chemical  trends  in  (i)  deep  energy  levels  associated  with  28  sp^- 
bonded  snli^ititutional  defects,  and  (ii)  energies  of  Hjalmarson-Frenkel  core  excitons  at  the  'ICX))  sur* 
foce  of  Si,  reconstructed  according  to  Chudi's  (2x  1)  asymmetric>dimer  mode).  The  predictions  sug* 
gest  that  P  at  tats  surface  should  produM  a  deep  level,  and  that  the  Hjalmarson-Frenkel  surface  core 
exciton  should  have  a  binding  energy  that  is  strongly  site  dependent. 


In  this  paper  we  report  a  semiquantitative  theory  of  de¬ 
fects  at  the  Si(l(X})-(2x  1)  surface  with  its  outer  layer 
reconstructed  according  to  Chadi’s  asymmetric-dimer 
model.'  Our  approach  is  to  solve  for  the  band-gap  eigen¬ 
values  E  of  the  secular  equation, 

det[l-G,(£)F]=:0, 

where  G,(E)  is  the  surface  Green’s  function  and  I' is  the 
defect  potential  of  Hjalmarson  et  al.''^  Thus  we  follow 
the  theory  of  bulk  deep  levels,^  while  evaluating  G,  usin; 
the  theory  of  Allen,*  evanesrent-wave  techniques,*  and  the 
em.^i.'ical  tight-binding  basi.s  of  Vogl  et  al.^  A  similar 
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FIG.  1.  Illustration  of  the  geometrical  structure  of  Chadi’s 
asymmetric-dimer  model  for  the  Si(l(X')-(2x  I)  surface  in  the 
approximation  that  only  the  first  plane  of  atoms  u^-ergoes  re¬ 
laxation.  The  surface  is  at  the  top  o!  ,.u  figure.  I't.s  circles 
denote  rows  of  atoms  in  the  ((X)I)  sun'uce,  viewed  aiong  tiie  (1 10) 
direction  (referred  to  the  usual  face-centered-cubic  bulk  I'irec- 
tions).  The  rows  o''  atoms  in  the  top  layer  are  displaced  from 
thei;  anreconr.tructed  positions  (dashed  circles*  to  the  open- 
circle  positions.  The  displacements  of  the  surface  atonv  em¬ 
ployed  for  the  present  wo.'k  are  denoted  ‘'y  arrows  The 
second-layer  rows  of  atoms  arc  denoted  by  shaded  circles  Thq 
plane  of  the  up-i  and  down-1  atoms  in  the  plant  of  the  paper 
lies  below  the  corresponding  up-2  and  down-2  plane  b>  a  per¬ 
pendicular  OLStance  ,  4.  T.ie  up-1  to  >.p-2  distance  is 
V  3ot  /‘4.  where  Ot  is  the  lattice  constant. 


method  has  been  applied  extensively  and  successfully  to 
defects  at  III-V(IIO)  surfaces  by  Allen  et  and  has 
provided  a  unified  explanation  of  observed  Schc.tky  bar¬ 
rier  Heights.’  Details  of  the  method  and  calculattonal  pro¬ 
cedures  are  available  elsewhere.’ 

The  results  of  the  calculation  are  predictions  of  deep 
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FIG.  2.  Predicted  deep  energy  levels  for  substitutional  defects 
at  the  up  site  of  th  -  Si(l00)-(2x  1)  surfac-.  reconstructed  accord¬ 
ing  to  Chaai’s  asymmetric-dimer  model.  '  ersus  defect  potential 
y,.  The  relevant  defects  appear  at  the  tc>'.  )f  the  'Igure  at  their 
values  of  The  shade'.:  area  ocnoies  the  calculated  surface- 
state  bair*  (which  are  kr. 'wn  expeitTeniali)  to  he  2:0.5  eV 
lower  than  'he  calculation  predicts'^.  The  qualitative  features 
of  the  calculation  and  chemical  trends  of  the  theory  are  impor¬ 
tant  aed  meaningful  re.  .‘Its. 
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FIG.  3.  Deep  levels  at  the  down  site  of  the  Si(100)-(2X  1)  sur- 


trap  energies  E  versus  defect  potential  V.  V  is  actually  a 
diagonal  matrix  in  the  local  sp^s*  basis,  centered  on  the 
defect  site  y~(y„  V^,  Vp_ K,,0);  in  order  to  present  results 
as  a  function  of  a  single  parameter  V,,  we  use  the  rule 
VpSsQ,5V,?  Figure  1  shows  the  asymmetric-dimer  model 
reconstruction;  Figs.  2—5  show  the  predicted  defect  levels 
for  atoms  at  the  “up”  and  “down"  sites  of  the  first  and 
second  layers  of  the  asymmetric-dimer  reconstructed  sur¬ 
face  (see  Fig.  1). 
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FIG.  4  Deep  lc%els  for  defects  at  the  up  sf.  of  the  second 
layer  from  the  Si(  i00)-t2  X  1)  surface. 
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FIG.  5.  Deep  levels  for  defects  at  the  down  site  of  the  second 
layer  from  the  Si(100)-(2x  I)  surface. 

A  major  result  is  that  the  “deep"  defect  levels  fof  atoms 
at  the  “up”  and  “down"  sites  and  in  the  second  and  first 
layers'®  are  different.  This  is  shown  explicitly  in  Figs.  6 
and  7  for  the  P  substitutional  impurity  and  Si  vacancy 
(which  corresponds  to  V, -*«>),  respectively.  (Consider 
only  the  qualitative  aspects  of  the  predictions;  do  not  take 
the  precise  energy  levels  literally;  the  expected  uncertainty 
is  =±0.5  eV."''2) 
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FIG.  6.  The  predicted  energy  levels  within  the  sur.*'.  e  band 
gap  for  substitutional  P  or  a  Hjalmaison-Frenkel  cere  cxciton 
(Ref.  13),  as  a  function  of  layer  number  (eo  means  bulk!.  The 
first-  and  second-layer  deep  levels  all  coalesce  into  a  deep 
resonant  level  in  the  bulk.  Closed  (open)  circles  denote  electron¬ 
ic  (hole)  occupation  of  the  neutral  defect  levels  Sites  are  denot¬ 
ed,  e.g.,  dour.  2  meaning  the  second-layer  >ite  beneath  the 
down-1  site. 
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Si  (100  W  2x1)  Vaconcy 
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FIG.  7.  The  vacancy  levels  predicted  to  lie  m  the  gap  for  the 
Si(100).(2x  1)  surface  as  a  function  of  layer  number  («  means 
bulk).  Electronic  (hole)  occupation  is  denoted  by  closed  (open) 
circles.  The  first-  and  "econd-layer  levels  all  coalesce  into  the 
bulk  Ti  vacancy  deep  level  (Ref.  2),  which,  when  neutral,  con¬ 
tains  two  electrons  and  four  holes. 


Almost  all  impurities  will  produce  at  least  one  deep  lev¬ 
el  in  the  gap  for  one  of  the  four  sites  near  the  surface.  In 
particular,  the  bulk  shallow  dopants  P  (Fig.  6  (Ref.  13)) 
and  As,  when  near  or  at  the  surface,  are  pre.iicted  to  yield 
deep  levels  in  the  gap.  Hence,  the  Si{lC0)-(2x  1) 
asymmetric-dimer  surface  of  heavily  doped  Si  should 
have  many  extrinsic  surface  states,  with  the  number  being 
roughly  proportional  to  the  surface  concentration  of 
dopants. 

At  the  surface,  P  produces  levels  near  both  »he  middle 
and  the  top  of  the  fundamental  band  gap  of  Si — a  striking 
prediction  that  may  have  direct  bearing  on  the  Si  2p 
“core-extiton  anoma',  " — that  the  observed  binding  ener¬ 
gy  of  the  Si  2p  core  exciton  api/Cars  to  be  considerably 
larger  than  predicted  by  shailow-impurity  theory.'*  In¬ 
sofar  as  a  2p  core  hole  has  a  charge  distribution  similar  to 
a  proton,  the  core  electron  sees  the  effective  nuclear 
charge  Z  of  Si  increased  by  u.iity  to  Z  -F  I;  that  is,  it  sees 
a  phosphorus  defect  potemial.'^  Thus  the  energy  level  of 
the  .surface  core  exciton  should  approximately  equal  the 
energy  of  a  P  surface  impurity,  and  the  theory  predicts 
that  there  should  be  core  excitrns  at  the  Si(lOO)  surface 


'D.  J.  Chadi.  Phys.  Rev.  Lett.  43,  43  (1979);  J.  Vac.  Sci.  Tech- 
nol.  16,1290(1979). 

^H.  P.  Hjalmarson.  P.  Vogl.  D.  J.  Wolford,  and  J.  D.  Dow, 
Phys.  Rev.  Lett.  44.  SIOIIUSO). 

^P.  Vogl.  H.  P.  Hjalmarson,  and  J.  D.  Dow,  J.  Ph^s.  Chem. 
Solids  (4,  365(1983). 

■•R.  E.  Allen,  Phys.  Rev.  B  20,  1454  (1979). 

*Y.  C  Chang  and  J.  N.  Schulman,  Phys.  Rev.  B  25,  3975 
(1982);  26.4400(1982). 

"R.  E.  Allen,  H.  P.  Hjalmarson.  and  J.  D.  Dow,  Surf.  Sci.  110, 


with  apparent  binding  energies  relative  to  the 
conduction-band  edge,  ranging  from  s:0.2  eV  on  the  up 
site  of  the  first  layer  to  more  than  half  the  band  gap 
(csiO.S  eV)  on  the  down  site.  The  important  point  is  not 
the  absolute  values  of  the  predicted  binding  energies 
(which  have  significant  theoretical  uncertainties'^)  but 
that  the  variation  of  binding  energy  from  site  to  site  can 
be  large. 

It  is  possible  that  this  dramatic  site  dependence  of  the 
Si  surface  core-exciton  binding  energy  has  been  observed, 
although  : .  t  recognized  as  such.  Several  authors  have  re¬ 
ported  wic.iy  different  Si  2p  core-e,\citOii  binding  ener¬ 
gies,'*  from  0.1  to  0,9  eV,  with  some  speculation  that  the 
proximity  )f  the  core  exciton  to' the  surface  affects  the 
binding  energy.  This  variation  is  comparable  with  what 
we  predict,  0.2— O.S  eV.  Perhaps  these  diverse  experimen- 
t.ai  results  can  be  understood  .as  due  to  experiments  sensi¬ 
tive  to  core  excitons  at  different  sites. 

This  site-dependence  occurs  in  part  because  electronic 
charge  transfers  from  the  down  layers  to  the  up  layers  at 
the  surface.  Thus  the  up  site  is  a  pseudo-anion  site  and 
the  down  site  is  a  pseudo-cation  at  this  surface.  Chemi¬ 
cally,  the  down  site  becomes  more  sp^-bonded  and  the  up 
site  becomes  more  p  backbonded.'^  The  down  cation  site 
exhibits  the  larger  exciton  binding  energy,  as  expected-  In 
III-V  semiconductors  cation  core  excitons  generally  have 
larger  binding  energies  than  anion  excitons.  This  is  be¬ 
cause  the  conduction-band  states  are  cationlike,  whereas 
the  valence-band  states  are  anionlike.  This  trend  of  the 
cation-site  levels  lying  below  the  corresponding  anion-site 
levels  holds  for  the  surface  vacancies  as  well  as  for  P  or 
the  core  exciton. 

The  present  results  illuminate  the  richness  of  the  spec¬ 
tra  of  surface  impurities.  At  the  present,  however,  there 
are  few  data  for  the  energy  levels  of  known  surface  im¬ 
purities;  we  hope  that  the  present  work  will  stimulate 
more  experiments  in  this  direction  and  provide  a  guide  for 
elucidating  the  chemical  trends  in  data. 
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us  to  display  the  calculated  results  as  a  function  of  the  single 
parameter  and  therefore  to  comprehend  the  global  chemi¬ 
cal  trends  in  defect  levels  more  easily.  For  a  prescription  for 
determining  more  accurately  the  energy  levels  of  a  specific  de¬ 
fect  from  the  curves  of  Figs.  2—5,  without  making  the  ap¬ 
proximation  Vfi^O.sy,,  see  also  H.  P.  Hjalmarson,  Ph.D. 
thesis,  University  of  Illinois,  1979;  H.  P.  Hjalmarson,  R.  E. 
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i.  Incroducclon 

In  the  bulk  of. a  cecrahedral  semiconductor ,  a  single  substitutional  s-p 

bonded  impurity  of  vacancy  will  ordinarily  produce  four  "deep”  levels  with 

% 

energies  near  the  fundamental  band  gap:  one  s-llke  (Aj)  and  three  p-like  (T2) 
[Ij.  These  deep  levels  may  ILe  within  the  fundamental  band  gap,  in  which  case 
they  are  conventional  deep  levels,  or  they  may  lie  within  cither  the 
conduction  or  the  valence  band  as  "deep  resonances."  A  sheet  of  N  vacancies 
will  produce  4N  such  deep  levels  —  namely,  the  intrinsic  surface  state  energy 
bands,  which  may  or  may  not  overlap  the;  fundamental  gap  (to  a  good 
approximation,  insertion  of  a  sheet  of  vacancies  is  equivalent  to  creating  a 
surface). 

Intrinsic  surface  states  have  common  underlying  physics  with,  deejj 
impurities  because  they  too  result  from  localized  perturbations  of  a 
semiconductor  [2!,,  and  so  their  energies  c»n  be  relatively  easily  predicted  by 
extending;  to  surfaces  ideas  developed  by  H’jalcafson,  Vogl,  V/olfprd,  et  al.  [1) 
for  the  deep  impurity  problem.  This  has  been  done  by  several  authors 
(3) (4) [5] (6] (7] [8] (9) (10]  ( ll] [12] ,  most  notably  by  Allen  and  co-wofkers 
(13Ul4][15i(16]il7]. 

Extrinsic  and  native-defect  surface  states  also  are  governed  by  similar 
physics,  and'  are  especially  interesting  if.  the  light  of  the  Schottky  barrier 
problem:  Bardeen  showed  that  modest  densities  of  surface  states  oh  a 
semiconductor  can  "pin"  the  Kerml  level  (!?•]»  forming  a  Schottky  barrier,  the 
bulk  Fermi  energies  of  the  semlcbhductbr ,  the  metal,,  and  the  semiconductor 
surface  must  align,  (Fig.  I).  If  the  semiconductor  is  heavily  doped  f.-type,  the 
surface  Fermi  energy  is  the  lowest  empty  surface  state.  The  bands  bend  to 
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accomodate  this  alignnent  of  Fermi  levels ,  forming  the  Schptcky  barrier*  Thus 
the  Schbttky  ^rrier  height  Is  the  binding  energy  of  the  lowest  naturally 
empty  surface  stalie,  relative  to  the  conduction  band  edge*  In,  1976  Spicer  et 
al*  proposed  that  the  Bardeen  surface  states  responsible  for  pinning  the  Fermi 
energy  are  due  to  native  defects  [18] [19] [20] [21] [22] * 

Surface  core  excitons  are  similar  to  surface  defect  states,  as  can  be 
seen  by  using  the  optical  alchemy  approximation  [23]  or  the  Z+I  rule  [24]. 
Consider  core  excitation  of  a  Ga  atom  at  the  surface  of  CaAs;  the  radius  of 
the  core  hole  is  sufficiently  small  that  the  hole  can  be  assumed  to  have  zero 
radius  (i.e.,  the  hole  is  equivalent  to  an  extra  proton  in  the  nucleus)..  Thus 
the  core-excited  electron  feels  the  potential  of  ah  atom  whose  atomic  charge  Z 
is  greater  than  that  of  Ga  by  unity,  namely  Ge.  Thus  the  Ga  core  exciton 
spectrum  is  approximately  the  same  as  the  spectrum:  of  a  Ge  impurity  on  a  Ga 
sitei  Kehce  the  core  exciton  states  in  semicondutors  can  be  either  "shallow" 
(V.'ahhier— Mott  excitons)  or  "deep"  (Hjalnarson-Frenkel  excitor.s),  as  is  the 
case  for  impurity  states.  The  deep  HjalnarsohrFrehkel  excitons  are  similar  to 
the  surface  deep  levels  associated  with  impurities. 

In  this  paper*  we  show  that  the  physics  of  deep  impurity  levels, 
intrinsic  surface  states,  surface  impurity  states,  Schottky  barriers,  and 
Hjalmarson-Frehkei  core  excitons  are  all  similar. 

lli  beep  tmpur^y  levels  at.  the  surface.; 

Schottky  barriers  and  Fermi-level  pinning 


The  basic  physics  of  aosc  Schoctky  barriers  can  be  explained  in  cefos  of 
the  Ftffmt-lcyeT  •  pinning  idea  of  Bardeen  [18]=i  Stated'  in  ^a  slightly 
oyersiaplificd  tbra  for  a  degenerately  doped  semiconductor  at  zero 
tesnperatare,  tlie  Fermi  energies  of  the.mdtal,  the  ^Ik  semiconductor,  and  the 
semiconductor  surface  all  align  iii  electronic  equlllbriun.  For  ah  n-type 
semiconductor  with  a  distribution  of  electronic  states  at  the  surface,  the 
Fermi  level  of  the  neutral  surface  is  the  energy  of  the  lowest  states  that  is 
not  fully  occupied  by  electrons.  Electrons  diffuse,  causing  band-bending  near 
tlse  semiconductor  surface,  until  the  surface  Fermi  energy  aligns  with  the 
Fermi  levels  of  the  bulk  isemiconductor  and  the  petal i  Tliis  results)  in  the 
formation  of  a  rotuntial  barrier  betweeeh  the  semiconductor  and-  the  metal,,  the 
Schottky  barrier  (Fig.  IX.  For  an  n-rcype,  seniconduetpri  the  Schpttky  barrier- 
height  is  essentially  the  energy  separation  between  the  surface  state  that  is 
the-  Fenai  level  and  the  conduction  band  edge.  For  a  prtype  semiconductor;,  the 
barrier  height  is  the  energy  of  the  highest  occupied  electronic  state  of  the 
neutral  surface,  relative  to  the-  valence  band  naxiuup.  Thus  the  problem  of 
determining  Schottky  barrier  heights  is  reduced  to  obtaining  the  energy  levels: 
of  the  surface  states  responsible  for  the  Fermi-level  pinning. 

In  his  original  article,  Bardeen  focussed  his  attention-  on  intrinsic 
semiconductor  surface  states  as  the  most  likely  candidates  for  Fermi-level 
pinning.  But  he  also  pointed  put  Chat  deep  levels  in  the  gap  associated  with 
impurities  or  native^  surface  defects  could  also  be  responsible  for  the 
phenomenon. 
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Following  Bardeen's  work,  a  major  advance  occurred  as  a  result  of  Che 
experiments  of  Mead  and  Spitzer  (25J  who  determined;  the  Schottky,  barrier 
heights  of  many  se^conductors  •  both  n-ty'pe  and  p~type.  Most  of  chose  old  data 
have  been  confirmed  by  modern  measurements  taken  under  much  more  favomble 
experimental  condl cions. 

However,  after  this  work,  the  Schottky  barrier  problem  was  widely 
regarded  as  understood  [26]  in  terms  of  concepts  quite  different-  from 
refmi-level,  pinning.  ' 

In  recent  years  Spicer  and  co-workers  have  revived  the  Fermi-level 
pinning  model  and  have  argued  'that  the  pinning  is  accomplished  by  native 
defects  at  or  near  the  surface.  Their  picture  is.  that  during  the  deposit  ion,  .of, 
the  metal  native  defects  are  created  at  or  near  the  semiconductor /metal 
interface,  and  chat  these  semiconductor  surface  defects  produce  dee?  levels  in 
'the.  band  gap  that  are  responsible  for  Fermi-level  ipinning. 

Spicer's  viewpoint  has  been  contested  by  Brillson  and  co-workers  127] , 
who  have  oraphasized  the  importance  of  chemical  reactivity  on  barrier  height. 
The  Brilisoh  viewpoint  gains  support  from  the  observation  of  well-defined^ 
chemical  trends  in  the  variation  of  barrier  height  with  the  heat  of  reaction 
of  the  metal/semicoriduccor  interface,  as  shown  for  h-IhP  by  Williams  et  al. 

( 28]  ( 29].(  10]  (Fig,  2).  (We  believe  that  the  Spicer  and  Brillson  viewpbi.nts  can 
reconciled.) 

Daw,  Smith,  Swarts,,  and  McGill  (31 j  have  proposed  that  free  surface 
vacancies  account  for  some  of  the  observed  Schottky  barrier  heights  in  III-V 
semiconductors.  Alien  and  co-workefs  have  argued  that  a..Llsite  defects 
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(32][33n34M3S](36]  "sheltered"  (37]  at  the  surface  pin  the  Fermi  energy  for 
most  Schott'/.y  harriers  between  III-V  semiconductors  and  hon-reactlve  metais, 
but  that  vacancies  becocw  the^  ..^dominant  pinning,  defect  when  the  metal  is 
reactive  (36].  Thus  the  Briilson  reactivity  picture  can  be  unified:  with  the 
Spicer  Ferni-leyel  pinning  picture:  the  chemical  reaction  merely  changes  the 
dominant  pinning  defect.  Tlie  experimental  results  of  Mead  and  Spitzer  [25], 
Wiede.r  (38](39](4oi,  Williams  (28]  (29] (30] ,  KSneh  IA1H42]  [43]  [44]  [45] ,  their 
co-workers,  and  many  others  support  this  general  viewpoints 

Moreover,,  the  connection  between  the  Schottky  barriers  formed  at  Si 
interfaces  with  transition  tcctal  silicides  and  the  barriers  between  III-V 
semiconductors  and  metals  appears  to  be  provided  by  the  recent  work  of  Sankey. 
et  ai.  [46]:  Fermi -level  pinning  can  account  for  the  silicide  data  as  well. 
Thus  a  single  unifying  picture  of  Schottky  barrier  heights,  in  IllrV  and' 
honopolar  semiconductors  appears  to  be  emerging.  And  although  this  Fermi-level 
pinning  picture  is  no  doubt  oversimplified,  it  does  provide  a  simple 
explanation  of  the  first-order  physics  determining  Schottky.  barrier  heights, 
and  how  the  physics  changes  when  the  dominant  defect  switches  as  a.  result  of 
chemical  reactivity. 

It  appears-  un^kely,  however,  that  the  Firai-level  pinning  mechanism  of 
Schottky  barr-iur  formation  is  universal i  ^yered  semiconductors  appear  not  to 
exhibit  Fermi-levei  pinning,  but  rather  seem  to  obey  ^the  original  Schottky 
model  [30).  iTiis  is  probably  V^ecause  the  layered  semiconductors'  surfaces  are 
relatively  impervious  to  defects  and  do  hot  Have  defect  levels  in  the  band 


gap. 


The  Fensd**level  pinning  oechaniso  of  Schottky  barrier  formation  has  the 
moat  advocates  for  IllrV  scalconductors  such  as  GaAe  and  InPi  However,  even 
for  these  materials  there  are  ocher  proposed  mechanisms  for  Schottky  barrier 
fonaatlpn,  cost  notably  chose  of  Kreeoaf  i47J  and  Ludecke  148]. 

Studies  of  Si,  especially  Sl/i.ransltion-metal  sillcide  interfaces,  have 
focussed  on  the  role  of  the  siliclde  in  Schottky  barrier  foraatiph  [49],  in 
contrast  to  the  studies  of  Ill-V's.  Thus,  prior  to  the  recent  work  of  Sankey 
et  al*  [46],  it  was  widely  'believed  chat  Fermi-level  pinning  was  not 
responsible  for  the  Schottky  barrier  at  these  siliclde  interfaces* 

Thus  the  present  state  of  the  field  is  that  Fermi-level  pinning  has  its 
advocates  for  some  semiconductors-,,  but  is  not  generally  accepted  ,as  a, 
universal  mechanism  of  Schottky  barrier  formation,  especially  at 
$l/transition-metal  siliclde  interfaces. 

A  contfal  point  of.  thiS’  paper  is  the  Farmi-level  pinhing.  can  explain  ah 
ehormpusly  wide  range  of  phenomena  relevant  to  Schottky  barrier  formation  in 
lllrV  semiconductors  and  in  Si  —  which'  no  other  existing  model  can  dp.  In 
fact.,  the  authors  believe  that  Fefai-level  pinning  by  native  defects  is 

I 

fespohsibie  for  the  Schottky  barrier  formation  in  III-V  semiconductors  and  in 
Si. 

Our  approach  to  the  problem  is  simple:  we  calculate  deep  levils  of 
defects  at  surfaces  and  Interfaces,  arid  we  use  these  calculations  to  interpret 
existing  data  in  terms  of  the  Ferrolr-level  pinning  model.  To  illustrate  our 
approach,  we  first  consider  the  Si/trahsicio,n-metal  siliclde.  interface  and 
Fefmi-levei  .pinning  by  dangling  bonds,  as  suggested  by  Sankey  et  al.  (46J\ 
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a)  Sl/tran8itipii*^cal  slliclde  ScHoctky  barriers 

A  successful  theory  of  Si/tfahslcioh'*iiieCaI  ^  slliclde  Schcttky  barrier 
heights  oust  answer  the  following  questions:  (1)  How  are  the  ^hotcky  barrier 
heights  at  Si/transltlon-mecal  slliclde  interfaces  related  to  those  at 
Interfaces  of  III-V  semiconductors  with  taetals  and  oxides?  (2)  Why  is  it  that 
Schuttky  barrier  heights  of  Si  with  different  transition  metals  do  not  differ 
by  ~1  ev’j  since  changes  of  silicide  electronic  Structure  on  this  scale  are 
known  to  occur  [SO]?  (3)  V;hac  is '  the  explanation  of  the  weak  chemical  trends 
chojt  occur  on  a  “O.l  eV  scale  (50)?’  (A)  Why  are  the  Schottky  barrier  heights 
of:  silicides  with  completely  different  stoichiometries,  such  as  Ki<>Si,  NiSi, 
and  NlSi2  all,  equal  to  within  "0.03  eV?  (5)  KTiy  are  the  Schottky  barrier 
heights  virtually  independent  of  the  silicide  crystal  structure?  (6)  Why  is  it 
that  barriers  form  with  less  than  a  monolayer  of  silicide  coverage?  (7)  \^y  do 
the  Schottky  barrier  heights  for  h-  and  p-Si  very  nearly  add  up  to  the  band 
gap  of  Si?  (8)  vniat  role  do  the  d-electrpns  of  the  transition  metal  play  in 
Schottky  barrier  formation? 

The  answers  to  all  of  these  questions  are  simple  and  straightforward,  if 
one  proposes  (as  Sankey  et  al.  (46]  have  done)  that  the  Si/transitioh-metal 

silicide  Schottky  barriers  are  a  result  of  Ferpi-level  pinning  by  Si'  dangling; 

/ 

bonds  at  the  Si/trunsicion-mctal  silicide  interface.  (1)  The  Fermi-level 
ginning  idea  unifies  the  Sl/transition-metal  silicide  Schottky  barriers  with 
those  found  for  the  III-V's.  (2)  Tne  Schottky  barrier  heights'  independence  of 
the  trahsition'^etal  silicide  comes  from  the  fact  that  the  causative  agents 
the  Si  dangling  bond,  is  associated  with  the  Si,  and  not  with  the  silicide  of 
transition  metal.  (3)  The  weak  chemical  trends  in  barrier  heights  occur 
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because  the  different  crsnsicion-aetal  silicldes  repel  the  Si  dengllng  bond 
wavefunccion  soDewhat  dlfferencly»  causing  ic  to  lie  slightly  TOte  or  less  in 

f  t 

the  Si.  (4,5)  The  Schottky  barrier  heights  vary  very  little  with  silicidc 
stoichioiaetry  and  silicide  crystal  structure  because  the  Si  dangling~bond 
level  is  "deep-level  pinned"  in  the  sense-' of  Kjalaarson  et  al.  (1;]:  a  large 
change  in  defect  potential  produces,  only  a  scall  ctiange  in  the  deep  level 
responsible  for  Ferai-level  pinning  The  transit ibn  tnetal  atoms  act  as  inert 
encapsulants  with  the  electronic  properties  of  vacancies,  because  their  .energy 
levels  are  put  of  resonance rwich  the  Si.  (6)  Sub-oonPlayer  barrier  formation 
occurs  because  the  Si  dangling-bond  defect  responsible  for  the  Fermi-level 
pinning  is  a  localized  defect  that  forms  before  a  full  interface  is  formed. 
(7)  The  Schottky  barrier  heights  for  n-SjL  and  ,p“Si  .add  up  to.  the  band  gap- 
because  (in  a  pne-elactrpn  approKination)  the  pinning  level  associated  with 
the  neutral  Si  dangling-bond  at  the  interface  is  occupied  by  one  electron,  and 
so  can  accept  either  an  electron  or  a  hole:  it  is  -the  surface  Feral  level  for 
both  electrons  and  holes.  —  both  the  lowest  partially  eapty  state  and  the 
highest  partially  filled  state.  (8)  The  d-electrons  of  the  transition  cecal 
atoms  play  no  essential  rple  In  the  .tfansitlon-aetal  si'  .’cide  Schottky  barrier 
formation,  except  to  deteralne  the  occupancy  of  the  Si  dangling  bond  deep 
level;  they  are  out  of  resonance  with  the  Si  at  the  interface i 

the  physics  of  the  Si  danglin* -bend,  Ferml-Ievel  pinning  raechaniso  is 
cpntainsd  in  the  very  siaple  model  presented  by  Sankey  et  al.  1*6]:  to  a  good 
apprexinatibn,  a  Si  dangling-bond  at  a  Si/transition-netal  silicide  interface 
is  the  same  as  a  vacancy  in  bulk  Si  with  three  of  its  four  neighbors  replaced 
by  trahsitibh^etal  atoms.  To  Illustrate  this  physics,-,  consider  first  a 
vacancy  in  bulk  Si.  This  defect  produces  four  deep  levels  near  the  band  gap:  a 


I 


non-degenerate  Aj  dr  s-like  level  deep  In  the  varetice  band  (a  "deep 
resonance")  and  a  three-fold  degenerate  level  In  the  btihd  gap.  Tnc  SI 
dangling  bond  defect  at  a  Si/transltion-metal  siliclde  interface  differs  for 
the  bulk  SI  vacancy  in  two  ways:  (i)'soae  of  the  nearest-mjighbors  of  the 
inccrfaclal  vacancy  arc  transltion-aetal  atoss  rather  chan  Si  aconis;  and  (2) 
more  distant  neighbors  are  also  different  atoas  at  different  positions  -r-  but 
the  expefiacntal  fact  that  Schottky  barriers  form  at  submpnolayer  coverages 
suggests  chat  these  differences  in  remote  atoms  are  unimportant.  Thus  we  can 

I  '  ' 

imagine  constructing  the;  Kerai-level  pinning  defect  by  slowly  changing  some  of 
the  Si  atoas  adjacent  to  a  bulk  Si  vacancy  into  transition-metal  atoms  (Fig. 
3).i 

To  be  specific  we  consider  a  Sl/NiSi2  interface,!  with  a  missing  Si-bfidge; 
atom.  Thus  (Fig.  4)  the  St  bond  dangles  into  the  vacancy  left  by  the  removal 
of  the  Si  bridge  atom;  this  vacancy  is  surrounded  by  one  Si  atom  and  three  Ni 
atoms.. 

How  are  the  Ni  atoms  different  from  Si?  First,  their  s  and.  p  orbital 
energies  lie  well  above  those  of  Si.  Second,  they  each  have  an  additibha'  d 
orbital,  with  an  energy  that  lies  well  below  the  Si  s  and  p  orbital  energies 
(and  is  not  terribly  relevant  here).  The  very  positive  Ni  s  and  p  energies  act 
as  a  repulsive  potential  barrier  to  electrons,  repelllhg  the  Si  daijgling  bond 
electron  from  their  vicinity  in  the  silicide  and  forcing  it  to  reside  almost 
exclusively  in  the  Si. 


Page  11 


The  effect  of  this  positive  potential  barrier  due  to  the  Ni-Si 
difference,  as  it  is  turned  on  slowly  in  bur  iaagination,  is  to  drive  the 
levels  of  the  bulk'vacancy  upward  in  energy.  In  fact,  for  Ni,  the  potential  is 
sufficiently  positive  to  drive  the  T^'bulk-Si  vacancy  level  out  of  the  j^p 
into  the  conduction  band.  At  the  saae  tise,  the  Aj  deep  resonance-  of  the  Si 
bulk  vacancy  is  also  driven  upward.  For  sufficiently  latge  and  positive 
potential i  it  pops  into  the  fundaaental  band  gap. 

\ 

The  Aj-derived  level  cannot'  be  driven  all  of  the  way  through  the  gap  by 
the  potenMal  though,  because  an  (approKiaate)  level-crossing  theorem  ;prevcnts 

this.  A  simple  way  to  see  that  there  is  an  upper  bound  within  the  .^ap  vor  the 

•  ' 

perturbed  •Av^.'flevel  is  to  consider  a  paired-defect  of  a  vacancy  with  a 
neighboring  atom  X.  If  the  atom  X  is'  Si,  then  the  defect  levels  are  the  Aj 
(s-ilke)  valence  band  resonance  and  T2  (?-Iike)  band  gap  deep  level  of  the 
bulk  Si  vacancy.  A^  and  T2  are  hot  good  irreducible  representation  labels  of 
the  (Vgj^jX)  pair  however;  the  A|.  level  becomes  b-bonded  and  the  T2  level- 
produces  one  a -bonded  and  two  n-bohded  orbital,  with  the  o-bond  ofien^d  along, 
the  Vg^,X  axis  and  with  the  n  bond.?  perpendicular  to  it.  Thus  the  unperturbed 
(X»S1)  0  levels  of  the  (73^, X)  pair  are  the  Ai  and  T^  bulk  Si  vacancy  levels. 
The  interlacing  or  no-crossing  tKfeorea  [511  states  that  a  perturbation  cannot 
move  a  lavel  further  than  the  dls/ance  to  the  nearest  unperturbed  level.  (It 
applies  only  approximately  herel)  Hence  no  matter  how  electropositive  X  is, 
the  (73^, X)  level  derived  from  the  SI  vacancy  Aj  level  cannot  lie  above  the  Si 
vacancy  T2  level.  Tliese  cons idera,; tons  tor  general  (V^j^»X)  pairs  hold  for  the 
specific  case  of  (7g^,Nl)  pairs,  and  carry  over  to  the  dangling  bond  defect  at 
the  Si/transition-metai  silicide  interface,  which  is  a  vacancy  surrounded,  by 
three  Ni  atoms  and  one  Si.  Thus  the  dangling-bohd  Aj  deep  level  is  'Moep-levei 


plnntd"  («•  distinct  from  Fermi-level  pinned)  in  the  sense  of  HJalmarsdn  et 
al.  (IJ,  and  is  irtsehsitive  to  even  major  changes  in  the  nearby 
transition-metal  atoihs.  To  a  good  approximation,  the  nearby  transition-metal 
atoms  have  the  same  effect  as  vacancies  ' (which  can  be  simulated  [52]  by 
letting  the  orbital  energies  of  the  transitionHaetal  atoms  approach  +», 
thereby  decoupling  the  atoms  from  the  semiconductor}. 

Thus  the  work  of  Sankey  et  al.  (46j  not  only  provides  an  explanation  of 
the  Si/transition-metal  sili'clde  Schottky  barriers,  it  explains  why 
calculations  for  defects  at  a  free  surface  often  can  provide  a  very  good 
description  of  the  physics  of  Schottky  barriers:  the  defects  at  interfaces  are 
"sheltered"  [37]  or  encapsulated,  by  vacjincies  or  by  metal  atoms  that  have 
orbital  energies  out  of  resonance  with  the  semiconductor  atoais;  because  of  the 
deep-level  pinning,  the  free-surface  defects  (which  can  be  thought  of  as 
encapsulated  by  vacancies)  have  almost  the  same  energies  as  the  actual 
interfacial  defects. 


b)  Ili-V  Schottky  barriers 

The  Fermi rlevel  pinning  story  for  Si/transltidn-metal  Silicides  holds  for 
Schottky  barriers  formed  on  III-V  semiconductors  as  well.  Here  we  summarize 
the  main  predictions  of  the  theory. 

the  basic  approach  of  the  theory  was  to  calculate  the  energy  levels  in 
the  band  gap  of  thirty  s-  and  p-bonded  substitutional  point  defects  at  the 
relaxed  (53)  (110)  surfaces  of  ill-V  semiconductors.  With  these  results  in 
hand',  Allen  et  al.  examined  Schottky  barrier  data  in  the  contest  of 
Fermi-level  pinning  and  eliminated  from  consideration  all  defects  that 
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produced  levels  considerably  farther  chan  **0.5  eV  (the  theoretical 
uncertainty)  froQ  the  observed  pinning  levels*  Interstitial  defects  were  not 
considered;  they  'liave  less  of  e  tendency  [54]  to  exhibit  the  deep-level 

pinning  that  is  responsible  for  the  expericental  tact  thatx  different  metals 

: 

A . 

produce  similar  Schottky  barrier  heights.  Moreover,  extended-  defects  were  not 
considered  initially,  because  it  is  known  chat  paired-defect  spectra  are 
intimately  related  to  and  similar  to  isolated  isolated-defect  spectra  (53) .  (A 
more  complete  theory  of  Fcfmi-level  pinning  by  paired  defects,  especially  in 
GaSb  where  vacancy-antisite  pairs  are  important,,  is  in;  p  re  pa  rat  ) 

For  clean  seciconductors,  the  native  substitutional  defects  potentially 
responsible  for  the  cbnaonly  observed  Fermi-level  pinning  are,  vacancies  and 
antiii'te  defects  (anions  on  cation  sites  or  cations  oh  ahiOn  sites). 

In  GaAs,  the.  defects  proposed  by  Allen,  et  air  :(32:)'  as  responsible  for 
Fet^i-levei  pinning  and  Schottky  barrier  formation  are  the  antisite  defects. 
The  catipn-on-thc-As-site  defect  accounts  for  trends  with  alloy  composition  of, 
the  Schottky  barrier  heights  of  n-type  in^.^Ga^^As  and  alloys  (Fig. 
5),.  The  Fermi -level  pinning  of  p-InAs  (56J,.  which  shows  quite  different  alloy 
dependences  [57],  is  also  explained. 

This  picture  of  Fermi-level  pinhing  has  been  confirmed  recently  by  bfdnch 
and  associates,  who  annealed  Schottky  barriers  and  showed  that  the  Fermi-level 
pinning  disappeared  at  the  same  temperature  that  the  bulk  (and  presumably  also 
the  surface)  ahtisite  defect  is  known  to  anneal  [58], 
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InP  is  an  even  more  liicereacing  oaterial ,  because  its-  Schottky  barrier 
appears  to  depend  on  the  heat  of  reaction  of  the  interface  (281129] [30] .  This 
can  be  readily  explained  (36)  however  in  terms  of  switching  of  the  dominant 
Fenai-level  pinning  defect  from  an  antisite  defect  for  npn-reactive  metals  to 
a  vacancy  for  reactive  metals  (Fig.  2).i 

I  ’ 

Moreover,  surface  treatments  are  known  to  alter  the  Schottky  barrier 
height  of  n-InP,  in  a  manner  that  can  be  easily  understood  in  terms  of  the 
theory  (36):  Surface  treatments  with  Sn  or  S  produce  shallow  donor  levels 
associated  wij:h  or  Sp  at  the  surface,  and  these  levels  pin  the  surface^ 

Fermi  energy  for  contacts  between  n-IhP  and  the  hon-reactive  noble  metals.i 
Likewise  0  and  Ci  treatments  lead  to  reactions  with  P  chat  leave  P-vacancies ,. 
so- that  the  surface  Ferai'rrevel  of  treated  h-InP  interfaced  with  nbh-reactive 
metals  lies  hear  the  .conduction  band  edge  —  as  though  the  metals  were 
reactive. 

Thus,  the  Fermi -level  pinning:  idea  appears  to  provide  a  simple,  and 
unifying  understanding  of  a  wide  variety  of  Schottky  barrier  data  in  the 
common  semiconductors i 

III.  Intrinsic" surface  states 

The  calculations  of  surface  defect  levels  for  the  Schottky  barrier 
problem  can  be  checked  by  simultaneously  evaluating  surface  state  energies  and 
comparing  them  with  the  considerable  body  of  available  data.  The  theory 
underlying  surface  state  calculations  is  basically  the  sane  as  that  for  bulk 
point  defects  or  surface  defects.  It;  is  quite  simple,  and  requires  only  (1) 
the  well-established  empirical  tight-binding  Hamiltonian  of  the  semiconuuctor 
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(59):  (the  Batrix  eieMnta  of  the  Ha^lconiah -exhibit  nanlfeat  chemical  trends 
froa^  one  semiconductor  to  another),  and.  (2)  knowledge  of  the  positions  of  the 
atoms  at  the  surfac'e#  ^us  a  reliable  treatsent  of  the  surface  states^  of  a 
Sfcalcpnductof  requires  an  adequate  xodel  of  the  geometrical  structure  of  the 
surfaces  At  present,  no  semiconductor  frurface  structures  are  beyond 
controversy  [601,  but  two  seem  to  te  rather  well  accepted;  the  (iiO)  surface 
stractufe  of  ill-rV  arid  ll-VI  semiconductors  with  the  zincbleride 
[53] [61] [62] [63] ,;  and  the  (iOTu)  surface  structure  of  II-VI  semiconductors 
with  the  wurtzite  structure  [62],  In  particular,  (110)  zincbleride  surfaces  are 
characterized  by  an  outward,  almost-rlgid-rotatiori  relaxation  of  the  anion 
(e.g..  As  in  GaAs),  with  the  bond,  between  Surface  anion  arid  surface  cation 
rotating  through  about  27°  (III-V's)  or  32°  (II-VI's),  and  with  small  bond 
changes  and  subsurface  relaxations. 

a)  (lid)  surfaces  of  III-V  .arid  llrVl  zincblcnde  semiconductors 

During  the  .past  five  years,  a  number  of  groups  have  reported  experimental 
and  theoretical  studies  of  intrinsic  surface  states  at  (110),  zincbleride 
surfaces  (3]  [4]  [-5]  (6].(7)  I8j:(9]  (10^  i  11  ].('12]:l  13 j  [  14]  [  15)  [  lej  l  17)  [  18] 

(64)  [65]  [56J,[67)  (68)  { 69)  (,70].i  71  j  (  72]  ( 73)  i  In  Fig,  6,  we  show  the  ii»st  recent 
calculation  for  the  dispersion  curves  E(k)  at  the  GaAs  (110)  surface  (14), 
together  with  the  measured  surface  state  energies  foViiliams,  Smith,  and 
^Lapeyre  (65)  and  of  Huijser,  yah  Laar,  arid  van  Kooy  (66).  Trie  calculation 
employs  the  ten-bana*  sp^s’^  •empirical  tight-binding,  model  of  iVogl  et  al.  (59). 
The  agreement  between  theory  arid  experiment  is  excellent.  For  example.,  along 
.the  symmetry  lines  X'M  andi  P.a  (i.iO.;,  the  boundary  of  the  surface  ErillovLn 
zone)-,-  the  uppermost  byanch  of  observed  states:  appears  .to  be  explained  by  A-., 


Page  16 


the  next  branch  by  the  overlapping  resonances  and  A2'  •  and  the  three  lover 
branches  by  A^',  A3,  and  C2.  Here  ''A'-  and  "C”  refer  to  states  localized 
prinarlly  on  anion''and  catlpn  sites,  respectively.  A  detailed  epoparispn  with 
previous  theoretical  studies  of  the  GaAs  (110)  surface  is  given  in  Ref.  [14]. 
The  priaary  additipnal  features  are  (i)  the  states  Aj  thrpugh  A^  and  Cj 
through  (in=  the  notation  of  Ref.  [7])  were  located  as  bpund  states  or 
resonances  at  all  planar  wavevector  It  along  the  syametry  lines  of  the  surface 
Brillouin  zone,,  and  (ii)  two  "new"  resonances  ^  and  A^'  were  fpund.  (The 
branch  Aj'  was  reported  in  Refs.  [5]  and  174] j  but  hot  in  the  other 
theoretical  studies.  The  branch  A2'  had  not  been  pveviously  reported.)  The 
discovery  of  this  additional  resonant  structure  is  apparently  due  to  an 
iaproved  technique  for  calculating  bound  states  and  resonances  —  the 
"effective  Haaiitonian!'  technique  [14]. 

In  Fig,  7,  the  theoretical  dispersion  curves  of  Beres  et  al.  [14]  are 
shown  for  the  (lib)  surface  of  ZnSe,  together  with  the  measured  surface  state 
energies  reported  by  Ebina  et  al.  [11].  Again,  the  agreement  between  theory 
and  experioeht  is  quite  satisfactory,  being  a  few  tenths  of  an  eV  near  the 
band  gap,  and  larger  for  more  ^tscaht  states.  Some  apparent  discrepancies  [11] 
between  experiment  and  previous  theory  were  found  to  be  resolved  by  a  more 
complete  treatment  of  the  resonances,  using  the  approach  described  above. 

Surface  state  dispersion  relations,  have  also  been  calculated  for  GaPi 
GaSb.i  InPi  InAs,  InSb,  A??,  AtAs,  AtSb,  and  ZnTe  [  14,J  [45]  [  16M-17] .  In  none  of 
the  direct-gap  materials  were  intrinsic  surface  states  found  within  the  band 
gap.  GaP,  however,  was  found  to  have  a.  band  of  unoccupied  surface  states  that 
overlaps  the  fundamental  band  gap  and  extends  below  the  bulk  conduction  band 
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edge.  This  is  in  accord  i4th  the  experioental  facts:  of  these  semiconductors 
only  GaP  has  surface  states  in  the  gap  {18] [69)  (70) (71) [/Uj.  Of  the  remaining 
indirect -gap  catefials,  the  theory  indicates  that  intrinsic  surface  states  may 
be  observable  near  the  top  of  the  band  gap  in  the  indirect-gap  Ai-V  coo;/6unds 
{16),  although  the  theory  is  not  sufficiently  accurate  to  predict 
unequivocally  chat  the  states  will  lie  within  the  gap. 

b)  Si  (100)  (2x1)  intrinsic  surface  states 

After  many  years  of  intensive  study  by  numerous  groups,  there  is  still 
controversy  over  the  geometrical  structures  of  the  most  thoroughly  studied 
semiconductor  surfaces:  Si  (100)  (2x1)  and  Si  (111)  (2x1).  For  example,  four 
groups  have,  recently  given  argument^  for  antiferromagnetic  ordering.. of  -Si. 
(Ill)  surfaces  (75),  whereas  Pandey  has.  proposed  replacing  the  convehtiohal 
buckling  model  (76) [77) (78)  of  Si  (Ill)  (2x1)  by  a  (llO)-like  chain  model 

(79) . 

in  the  case  of.  31  (100),  argvjoents  have  recently  ;bech  presented 

(80) . (81) (82)  against  the  (2*1)  asycaetric  dimer  model  of  Chadt  (83).  (In  the 
asymmetric  dimer  model,  adjacent  rows  .of  surface  atoms  dimerize^  forming  a 
pattern  of  paired  auoele  rows  on  the  surface.)  The  most  telling  of  these 
arguments  involves  die  apparent  disagreement  between  a'ngle.-resolved 
photdomission  measurements  of  the  surface-state  dispersion  curves  (64) (65)  and 
theoretical  calculations  of  these  .dispersion  curves  with  convehtional  models 
of  the  electronic  structure  as  applied  to  the  asymmetric  dimer  geometry 
(83) (84). 
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Very  re'cencly,  two  oew  calculaciona  have  been  perfproed  independently 
with  iaprbved  models  of  the  electronic  structure  [85]186]«  The  same  conclusion 
was  reached  in  both'’ of  these  studies:  the  electronic  structure  calculated  for 
the  asymmetric  diner  model  is  in  agrbeceht  with  the  measurements.  This  is 
illustrated  in  Fig.  8  (taken  from  Ref.  [48)),  where  both  the  theoretical  band 
width  of  0.65  eV  and  the  detailed  variation  with  the  planar  wavevector  K  are 
seen  to  be  in  excellent  agreement  with  the  experimental  dispersion  curves.  In 
addition,  there  is  quite  satisfactory  agreement  between  the  theoretical 
surface  band  gaps  and  the  0.6  eV  gap  sieasured  by  Monch  et  al.  (87). 

IV.  Surface  core  exciton  states 

The  same  calculatipns;  that  predict  native-defect  surface  deep:  levels  for 
the  Schottky  barrier  problem  also  yield  surface  core  exciton  energies,,  because 
the' optical  alchemy  or  2+1  rule  states  that  the  Hjalmarson-Frenkcl  core 
exciton  energies  are  the  energies  of  "impurities"  that  are  isstadiately  to  the 
right  ih-  the  Periodic  Table  of  the  core-excited  atom  (23) {24).  Thus 
corerexcited  Ga  produces  a  "Ge  defect"  and  core-excited  In  yields  "Sn." 

Ih  Figs.  9  and  10,  the  theoretical  exciton  energies  for  the  (110) 
surfaces  of  the  Ga-V-  and  In-V  compounds  are  compared  with  experiment  (88) . 
Notice  that  the  experimental  and  theoretical  exciton  levels  for  IhAs  and  IhSb- 
lie  above  the  conduction  band  edge,  as  resonances  rather  than  as  bound  states, 
in  the  present  theory  this  result  has  a  simple  physical  interpretation:  Like  a 
deep  impurity  state,  the  Hjalmarsoh-Erehkel  exciton  energy  is  deterraihed 
primarily  by  the  high-density-of-states  regions  of  the  bulk  band  structure, 
there  is  only  a  small  density  of  states  near  the  low-lying  direct  conduction 
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bend  ilnlBua  (corresponding  to  the  T-pOlnt  of  the  Brlllouin  zone)^  bat  s  large 
density  of  states  near  the  higher,  indirect  X  minioa.  Thus  the  conduction  band 

ni^ti^  near  F  has'^relatively  little  influence  on  the  position  of  the  exciton. 

% 

The  surface  HjalDarson?*Frenkel  core  excitons  have  also  been  calculated 
for  the  (iip)  surface  of  ZnSe  and  ZnTe  (89]  and  are  in  good  agreeaent  vilth  the 
measurements  [90].  We  conclude  that  the  present  theoretical  framework  does  a 
good  job  of  explaining  the  basic  physics  of  the  "deep"  Hjalmarson-Frenkel  core 
excitons.,  whether  bound  states  .oV  resonances* 

V.  Unified  picture 

Thus  one  interlocking  theoretical  framework  successfully  predicts  the 
correct  physics  of  (1)  surface  deep  impurity  levels  and  Schottky  barrier 
heights,  (2):  intrinsic  suffi.ee  states;,  and  (3)  Hjalmarson-Frenkel  core  exclton 


states 
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FiGURE  CAPTIONS. 

Fig.  1.  Schematic  illustration  of  Feroi-level  pinning.  Band  edges  of  the 
bulk  seniconductor,  the  semiconductor  surface,  and  the  Fermi  energ>r  of  the 
metal,  the  surface  of  the  semiconductor,  and  the  semiconductor  are  all  shown 
as  functions  of  position.  The  lowest  energy  surface  defect  level  that  is  not 
fully  occupied  (before  charge  is  ariowed  to  flow)  is  denoted  by  an  open' 
circle.  This  level  and  the  Fermi  levels  of  the  n-type  semiconductor  and  the 
metal, 'align.  ' 

Fig.  2i  Surface  Fermi  energy  of  n-type  In?  versus  heat  of  reaction  of  InP 
with  *t1ie  metals  Nl,  Fe,  Cu,,  Ag,  and  Au,.  extracted  from  data  of  ^f.  (28]‘, 
assunihg  Fermi -level  pinning.  The  theoretical  Fermi-J  v/cl  pinning  defect 
levels  for  the  surface  P-vacan'ey  (Vp)!  the  native  antisite  defects  (Inp  and 
and  the  extrinsic  impuflties  S  on  a.  P-s^ite  (Sp)  and  Sh' on  a  surface  In 
^s.'ite  are.  given  at,  the  right  .  of  the  figure.  The  n^InP  data  can  be. 

interpreted  as  follows;  hor4?’, reactive  metals  produce  only  antisite  defects  as 
the  dominant  defects;  reactive  metals,  and  treatment  of  the  surface  with  oxygen 
and  Cl  produce  P-vacancies.  Treatments  with  Sn  and.  S  iproduccr  surface  and 

,Sp.  as  dbminat  defects,  respecfivelyi 

•Fig.  3.  The  totally  symmetric  (aj)  levels  for  a  bulk  Si  vacancy, 

surrounded  by  one  Si  atom  and  three  X  atoms,  as  a  function  , of  the  defect 

potential,  V,  hqraaliaed-  to  the  Ni  defect  potential,:  after  P^f.  (46)  ..  For  V«0j 
•the  X  atoms  arc  Si;  for  ^  the  X  atoms  are  Ni,  The  parent  levels  of  the 

isolated  Si  vacancy  are  shown  for  Vi'O.  The  experimental  Fermi-level  pinning 

position  for  NiSl-j  extracted  from  the  data  of  G.  b'ttavldnai,  Ki  N.  Tu,  and  J. 

W,i  hlayer,  Physi  liev.  B24 ,  3354  (1981)  are  denoted'  by  a  dpt  with  a  label  NiSi-,. 


Fig.  4.  One  type  of  Inteffaclal  vacancy  "sheltering"  a  Si  dangling  bond, 
after  Ref.  (46).  The  geometry  is  that  determined  for  ^the  NiSi2/Sl(  111) 
interface  determined  by  D.  Gierns,  G.'  R.  Anstis,  J.  L.  Hutchison,  asd  J.  C.  H. 
Spence,  Phil.  Mag,  849  (1982). 

Fig.  5.  Predicted:  dependence  ot  :Schottky  barrier  height  on;  ;alloy 
compositions  x  and  y  of  laj_j,GajjAs  and  Ga^AlyAs  alloys,  compared  with  data, 
after  Paf.  (38,]. 

J  ^ 

Fig.  6.  Predicted  surface  state  dispersion  curves  E(lc)  for  surface  bound 
states  (solid'  lines)  and  surface  resonances  (dashed  lines)  at  the  relaxed 
(110)  surface  of  GaAs,  after  Kef.  (14j,.  Tlie  energy  is  plotted  as  a  function  of 
the  planar  wavevector  ^  along  the  symmetry  lines  of  the  surface  Brillwuin 
zone,  shown  on  the  right.  The  labelling  is  the  same  as  .that  of  Cheltkowsky  and 
Cohen  (Ref.  (7]),  with  A2,  C|.,  and  C2  mainly  s*?like,  and  A3  A^j  Aj,  C3,  and= 

mainly  p-like*  Aj  and  C3  are  the  "dangling-bond"  states;  A3,,  Aj',  and  A2' 
are  largely  associated  with  in-plane  ?-orbitals  in  the  first  and  second 
layers.  The  character  of  each  state  varies  somewhat  with  the  planar  vjavevector 
!t-,  and  represents  ah  admixture  of  all  orbiLwIs.  The  widths  of  the  resonances 
are  typically  0.5  to  1.0  eV,  but  in  some  cases  ere  smaller  than  0.1  eV  of  as 
large  as  2.0  to  5.0  eV.  The  dots  follow  the  continuous  disperson  curves 
Inferred  by  Huijser  et  al.  (Ref.  (66))  for  the  "clear"  and  "weak"  experimental 

features.  The  open  squares  represent  the  states  observed  by  Williams  et  al. 

•  • 

(Ref.  (65)).  The  data  reported  in  Kefjf,..  (64)  and  (6)  are  consistent  with  those 
shown  here. 
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Fig.  7i  Predicted  energies  of  surface  bound  states  (solid  lines)  and 
surface  resonances  (dashed)  for  che  (Ilf/)  surface  of  ZnSe,  as  function  of  the 
planar  wavevector  lt®(kpk2)  >  after  ilef-.  (15).  Tlie  surface  Brillouin  zone  is 
shown  on  the  right;  T  is  the  origin,  k®(6,P).  Tlie  bulk  bands  are  shaded. 
and  are  tlie  valence  and  conduction  band  edges.  The  experinental  features 
identified  with  bound  and  resonant  surface  states  in  Ref.  (11),  along  the  two 
synmetry  lines  rx'  and  xfij  are  indicated  by  the  dotted  lines. 

Fig.  8.  Dispersion  curves  for  surface  states  and  surface;  resonances  at 
the  (100)  (2'<1)  surface  of  Si,  after  Kef.  [85].  The  energy  E  is  shown  as  a. 
function  of  the  planar  wayevector  S  around  the.  symmetry  lines  of  the  surface 
Brillouin  zone.  Solid  lines  represent  results  of  the  present  calculations; 
dashed  lines  are  the  mea^ureoents  of.  R.  I..  G.,  .Uhr.berg,.  G.  V_,  Hanssoa,,  J.i  M,. 
Nicolle,  and  S.  A.  Flodstroa,  Phys.  Rev..  B24,  A684;(1981);  and  the  dotted  line 
is  the  measurement  of  F.  J.  Himpsel  and- D.  E.  F.astman,  J.  Vac.  Scl.  Technol. 
16,  1297  (1979),  which  ware  taken  from  f  to  j'  along  the  (010)  dinction, 
rather  than  along  the  sy;;ir.etr-/  line  T  to  J'i  E^  and  E^,  are  the  Si  valence  and 
conduction  band  edges, 

Fig.  9.  Predicted  and  observed  Ga  3d  core  surface  Frenkel  ekeitons 
(double  lobes)  for  GaAs,  GaSb,  and  GaP,  after  Fojf.  (32).  the  lower  unoccupied 
surface  states  (Ref.  (13][lAj)  are  represented  by  closely  spaced  ;horizbhtal 
lines.  Ey  and  E^  are,  respectively,  the  top  of  tlie  valence  band  and  the  bottom 
of  the  conduction  band.  The  experimental  results  here  and  in  Fig,  7  are  those 
of  Eastman  and  co-workers  (Di  E.  Eastman  and  J.  L.  Freeouf,  prl  1601 
('197A);  162A  (1975);  W.  Gudat  and  D.  E.  Eastman,.  J<  Vac,  Scl.  technol.  1 3., 

831  (1976);  D.  E.  Eastman,  T.-C.  Chiang,  ?,  Heimanh,  anf  F.  J.  Himpsel,  prl 
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Fig.  10.  Prpdx’cced  and  observed  In-  4d  core  surface  Frenkel  exclcons  for 
InAs.  tnSb.  and  In? i  after  ^f>  [32]. 


>- 

cn 

o 

iij 


cS 

\il 


2 

t:  2 

fZ 

O 

C^- 

< 

P 

LlI 

mimm 

.  t± 

a 

4* 

XL. 

<D 

0 

€ 

< 

>• 

-CD 

XlI 

M.. 

LD 


(  s  o  o  jjn  s  V  "^  3 


q  \Viedy  (MIS) 

^  d. 

o  (Au)  ^ 

.  — iCoticTi  on  As ‘Site 

^lOl - i-ttt 


■§* . 

$  0.5H 


H 


(AS)  3 


InP  InP 

1.3  Ec  Ec 

_g_- 


0—  Ev  0 — ^—Ev 


m 


PHYSICAL  REVIEW  B 


VOLUME  36,  NUMBER  15 


15  NOVEMBER  1987-11 


Electronic  properties  of  metastable  Ge^Sni.^  alloys 
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The  energy  band  gaps  and  substitutional  deep  impurity  levels  of  metastable  alloys  Ge,Sni_;,  are 
predicted.  As  a  function  of  decreasing  alloy  composition  x  the  indirect  band  structure  of  semicon¬ 
ducting  Ge  first  becomes  direct  (indicating  that  Ge,Sn|.^  may  have  applications  as  an  infrared 
detector)  and  then  metallic.  Doping  anomalies  commonly  occur  as  x  decreases.  Between  .x  sO.4 
and  jc  ~;0.8,  the  Gunn  effect  should  occur. 


In  this  paper,  we  predict  the  band  gaps  and  si!bstitu- 
tional  defect  levels  for  alloys  of  germanium  and  tin: 
Ge^tSni.^.  These  materials  are  normally  immiscible  for 
most  compositions  when  grown  under  equilibrium  condi¬ 
tions,  but  have  been  grown  in  substitutional,  crystalline 
metastable  states  for  compositions  .v  >0.78  using  non¬ 
equilibrium  growth  techniques.'"^  With  increasingly  so¬ 
phisticated  growth  techniques,  we  anticipate  that  meta¬ 
stable  Ge^Sn;..,  alloys  will  soon  be  available  for  a 
greater  range  in  x*  One  purpose  of  this  paper  is  to  out¬ 
line  the  electronic  structure  of  these  new  alloys,  and  to 
suggest  that,  for  a  restricted  range  of  all.)y  compositions, 
they  should  support  Gunn-effect  oscillations.  Hence  we 
hope  to  stimulate  efforts  to  grow  these  materials. 

Germanium  is  an  indirect-gap  material,  the  fundamen¬ 
tal  energy  band  gap  occurring  at  the  L  point  of  the  Bril- 
louin  zone  [k  =  (2rr/ai  Ky.y,  jl),  with  a  magnitude  of 
0.7C  eV  at  low’  temperature.  Tin  is  a  semimetal,  a  ma¬ 
terial  with  no  band  gap;  its  valence  and  coitduction 
bands  overlap  at  the  P  point  (k  =  (0,0,0)).  We  predict 
Ge;,Snt_^  to  have  a  fundair  intal  b.md  gap  that  varies 
from  zero  to  0.76  eV  as  a  function  ui  composition  x. 


I.  BAND  STRUCTURES 


The  energy  bands  of  Ge,Sn|_,  alloys  were  predicted 
usinp  the  virtual-crystal  appro.ximation  and  a  second- 
nearest-neighbor  tight-binding  model  of  the  Koster- 
Slater  type.‘  The  parameters,  for  a  first-nearest-neighbor 
tight-binding  Hamiltonian,  are  taken  to  be  those  of  Vogl 
et  a/.,’  which  are  known  to  reproduce  valence-band 
structures  and  the  principal  features  of  the  lowest  con¬ 
duction  bands  for  all  zinc-blende  and  diamond  covalent 
semiconductors.  An  important  and  nontrivial  feature  o'" 
- 1 
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the  Vogl  parameters  is  that  they  incorporate  chemical 
trends,  so  changes  in  these  parameters  as  the  semicon¬ 
ductor  composition  varies  are  rather  well-beiiaved  func¬ 
tions  of  changes  in  atomic  energies  and  bond  lengths. 
The  Vogl  model,  in  its  published  form,  is  lacking  two  in¬ 
gredients  essential  to  a  proper  treatment  of  Ge,Sn|_x  al¬ 
loys:  (i)  spin-orbit  splitting  (which  is  important  for  the 
large-Z  Sn  atom),  and  (ii)  strond-nearest-neighlior  pa¬ 
rameters  (whicti  are  needed  to  correctly  simulate  the  rel¬ 
ative  conduction  '.and  minimum  near  point  L  along  A). 
The  spin-orbit  efleci  has  been  ince  porated  by  a  number 
of  authors:  we  share  common  notation  with  Re*'.  8. 
Similarly,  the  second-neig.hbor  interactions  can  be  incor¬ 
porated  they  were  for  Sij.^Ge,  alloys  by  Newman 
and  Dow.'’  The  resulting  Hamiltonian,  in  a  basis  of 
tight-binding  states  of  wave  vector  k,  is 
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We  have  used  the  notation  of  Kobayasbi  et  al.^  for  all 
nearest-neighbor  parameters.  The  second-neighbor  pa¬ 
rameters  are  If',p=4(s,c7.0|//o  (p.o.di).  where  d;  is 
the  displacement  vector  of  a  second  neighb->r.'“ 

The  first-neighbor  parameters  for  Ge  and  Sn  were 
fitted  to  the  band  structures  of  Chelikowsky  and  Cohen’ 
using  the  method  of  Kobayashi  et  al '  The  second- 
neighbor  parameters  were  fit  to  the  condu-tion-band 
edge  at  the  L  point  using  the  same  band  structures.  A.'! 
parameters  are  given  in  Table  1. 

By  diagonalizing  '  ’is  Hamiltonian,  we  obtain  the  band 
structures  of  Ge  and  Sn.  which  are  in  good  agreement 
with  tlie  pseudopotential  band  structures  of  Chelikowsky 
and  Cohen.’  <See  Figs.  1  and  2.1  To  obtain  the  virtual- 
crystal  band  structures  of  Ge,Sn, alloys,  we  first  aver¬ 


age  the  parameters  of  Ge  and  Sn  as  follows:  on-site  pa¬ 
rameters,  X [GeJ-f ( 1 -x)[Sn]:  oif-diagonal  parameters, 
(,e[Ge]la(Ge)|'-t-(  1  -.r)(Sn  jjo 'Sn)|*)la  (p:)|  where 
(Ge)  and  [Sn]  are  typical  bulk  Hamiltonian  parameters 
of  Ge  and  Sn,  e(Ge'  and  a(Sn)  are  the  lattice  constants 
for  Ge  and  Sn,  respectively,  and  we  assume  Vegard's 
law; 

a (;ic)=xfl(Ge)-r(  1  — A:)a(Sn)  . 

This  averaging  procedure  is  a  virtual- crystal  app''v''Mma- 
tion,  and  is  valid  because  the  Onodera-Toyozawa”  ratio 
for  Ge,Sn|_,  is  considerably  less  than  0.1  for  the  con¬ 
duction  and  valence  bands.  This  ratio  is  the  oitference  5 
in  on-sile  energies  of  the  two  constituent  materials  divid- 
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TABLE  I.  Sn  and  Ge  tight-binding  parameters  (in  eV,  ex¬ 
cept  d,  which  is  in  A).  We  have  added  second-neighbor  pa¬ 
rameters  to  fit  the  gap  at  the  L  point.  The  notation  is  that  of 
Kobayashi  e<  ai.  (Ref.  8). 


Ge 

Sn 

E, 

-5.8800 

-5.S800 

Ep 

1.5533 

1.1733 

\ 

0.0967 

0.2667 

6.3900 

5.9000 

y.. 

-6.7800 

-5.4600 

1.6500 

1.4400 

4.8416 

3.9042 

% 

4.9520 

-.4.0172 

4.5030 

3.6459 

ff'p.- 

0.1352 

0.1229 

d 

2.45 

2.81 

Additional  second-neighbor  matrix  elements 
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■■iw^gtvTTi 
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-•^.■g;/K2. 

f=f*'p,g:/V3 
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where 

g<,  =  sin( A, a /2 )sin( k,n /2 ) -f-i  sin( A, a /2 )sin( A,a /2 ) 

g,  =sin(A,a/2.’sin(A,a/2)- 

i  sin(A,a/2)sin(A,a/2) 

g,  =sin(  A, a  /2  )sin(  A,a  /2) 

cd  cy  the  bandwidth  IV  of  the  associated  band.  For 
Ge*Sn|_,,  the  larger  of  the  differences  6  of  s  and  p  on¬ 
site  energies  is  0.38  eV.  The  conduction-  and  valence- 
band  widths  of  Sn  are  11.34  and  5.72  eV,  respectively. 
(The  bandwidths  of  Ge  are  comparable )  In  this  case,  for 
Ge;,Sn|_,  we  have  6 /IK  <0.02  for  the  valence  band  and 


FIG.  1.  Band  structure  of  Ge  using  the  present  theory  (solid 
lines)  compared  to  the  pseudopotential  results  of  Chelikowsky 
and  Cohen  (Ref.  5)  (dashed  lines). 


FIG.  2.  Band  structure  of  Sn  (solid  lines)  in  comparison 
with  the  results  of  Ref.  5  (dashed  lines). 


S/IK  50.07  for  the  conduction  band.  These  materials 
satisfy  the  criterion  as  well  a,*,  or  better  than  alloys  of 
GaAs  and  GaP. 

The  resulting  virtual-crystal-app-  'mation  band 
structures  of  Ge,Sn|_;,  are  displayed  in  Figs.  3,  4,  and  5 
forx  =0.25,  0.5,  and  0.75,  respectively. 

Figure  6  displays,  as  functions  of  alloy  composition  x, 
the  principal  virtual-crystal  band  gaps  at  point  F,  point 
L,  and  poin‘  X  (k  =  (2r/fl)(  1.0,0)],  and  A  (A  is  the 
wave  vector  of  the  local  minimum  in  the  conduction 
band  along  the  [100]  direction;  point  L  is  a  local 
minimum). 

Interesting  features  of  Fig.  6  are  (i)  that  a  direct  (D- 
to-indirect  iL)  crossover  is  predicted  near  ;c~0.8,  (ii) 
the  alloy’s  fundamental  band  gap  is  nonzero  for  x  >0.4, 
and  (iii)  the  level  at  F  is  lower  in  energy  than  the  level  at 
L  for  X  <0.8.  This  means  that  Ge,Sn]_^  will  be  semi- 
metallic  for  X  <0.4,  a  semiconductor  with  a  direct  gap 
for  0.4 <x  <0.8  (and  hence  a  potential  infrared  detector 
or  light  emitter),  and  a  potential  Gunn  oscillator  for 
0.4<.c  <0.8.  (See  below.)  For  x  >0.8,  Ge;,Sn|_^  is  an 
indirect-gap  semiconductor. 


FIG.  3.  Band  structure  of  metastable  Ge,,  j,Sno 


3t 


ELECTRONIC  PROPWTIK  OF  META^ABLE  GeiSn,_.  AlXOVS 


mi 


II.  DECT  IMPURiry  LEVELS 
A,  Geaenl 

The  deep  impurity  Ievels;are  computed  fdilowing  the 
gehe^. approach  of  Hjalmarson  et  ah''  Beuuse  of  the 
chcmic^.  trends  in  the  matrix  elements,  a  defect  poten* 
tial  matrix  can  be  constiucted  father  easily.  For  substk 
tutfpna]  defects  that  have  the  same  jtond-lehgth  as  the 
host  atoms  th^  replac-,  the  matrix  in  a  basis  of  local¬ 
ized  ofbiuis  centtf^  at  the  defect  site  is 
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where.e.is  the  on-site  energy’^  of  the  host  (A)  or  impuri¬ 
ty  Cih  Note  that  the  £4  state  is  s,/i-Iike,  the  E^  state  is 
P; /2-like,  and  the  £*  state  is  p3/2-lil.c. 

The  effects  of  lattice  relaxation  around  the  defect  and 
bond-length  changes  can  be  incorporated  by  noting  that 
the ' off-diagonal  matrix  elements  of  the  Hamiltonian''’ 
rcaje  as  the  invert  square  of  the  bond  length.  Here  we 
neglect  such  lattice  relaxation  effects;  because  il  they  are 
small,  of  order  0.1  eV,  oh  the  energy  scales  of  relevance 


#  H  UJ<  r 
M 


1*^  0  Me  --Sn®  2*- 


Sn  “  Ge 


FIG.  6.  Predicted  lowest  conductionharids  at  P,  L,  arid  X 
(the  valence  band  is  shaded)-  vs  alloy  composition  jc  for 
Ge,Sni_i.  The  band  gap  varies  from  zero  fof  x  =0.4  to  0.76 
cV  for.  pure  genrianiuih;  This  coven  energies  torrttporidirig  to 
infrared  lir.ht.  The  Gunn  effect  should  occur  for  0.'4<;i  <0.8 
because-the^high-riiobiiify  ldw-effective-rria»  T  minirauiri  lies 
Mow  the  low-mobility  L  minimum.  For  x  <C.4  the'alloy.  is 
predicted  to  have  zero  gap. 


to  the  deep  ifnpurity  problem-^hamely,  the  ~l6-eV 
bandwidths,  and  the  —  l-lO-eV  scale  of  the  defect  po¬ 
tential,  and  (ii)  we  are.  exploring  the  global  chenfiical. 
trends  in  the  defect  levels.rather  than  attempting  to  pre¬ 
dict  with  precision  the  energy  levels  of  a  specific  defect 
in  a  single  .host— wltilc  the  physics  of  the  unfelaxed 
deep  levels  may  exhibit  well-defined  trends,  the  latuce 
relaxation  may  be  governed  by  different  chemistry,  which 
might  obscure  the  t.'endyin  the  unrelaxec  deep  levels; 
Introducing  the  Gfeen's-function  operator 

C(E)=lt  -Hor’  , 

where  the  energy  is  to  be  interpreted  as  having  r.n 
infinitesimal  posit/v'e  imaginary  part  when  it  lies  in  a 
host  band,  the.  Schr.idinger  equation  for  the  deep  level 
eigenvalues^  is 

and  leads  to  the  secular  equaticn 
det(l  -CF)=0  . 

Here  //„  is  the  hpst-crystaT  Hamiltonian,  V=H  —Hq  is 
t^-t  defect  matrix,  and  I  is  the  unit  mat  !X.  Invoking  the 
diamond-cryrial  symmetry  of  virtual-crystal  Gc^Sn|_^, 
(he  secular  equations  reduce  to  the  scalar  equation 

\/y,=Gf,{E) 

for  the  doubly  degenerate  ij/vlike  S^jevel, 
l/y^„=G^^E) 

for  the  doubly  degenerate /t| /2-like  £7  levels,  and 
1/Kv2=Gk(£) 
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for  the  fouffoid-Jcgenerate />3/j-|ike  level^  HerCiCs, 
and  Cj  are  Green!s  functions  for  E^.  Et,  and  Ej. 
symmetry,  and  are  defined  as  follows: 

rl  O'Xn  li:,k.n)  \z 


Gi{E)=2  j  dk^ 


where  f„(ki  is  the  nib  eigenvalue  at  -vave  vtctor  k  and 
\lM-n)  is  the  nth  eigcnvector  at  k  with  /  /?3/2. 

or  Pi /I  for  the  E(„  E^,  or  £7  symmetry,  respectively. 
The,  matri.x  .elements  Vi  are  deduced  from  the  chemical 
"end:' 

where  tc>,,.T,p  and  ,a’/.ho«  are  atomic  energies  for  the  im¬ 
purity.  and^  host  atoms,  respectively,  l=Si/i.  pj/i,  or 
.pi,-,,  and  Pi=Q.i  for  /  =Si/2,  and  0.6  for  l=P\n  or 
pj/j.  We  have  1^3,2  =  »-,/2  =  kp. 

B.  Deep  levels 

The  predicted  substitutional-impurity  deep-level  ener- 
.gies.E.in.the.fundamental  band^gap.obtained.-by  solving 
the  secular  equations  for  Gej,Sni_;j  are  given  in  Figs.  7 
and  8  for  levels  of  £4.  E-.,  and  £g  symmetry,  respective¬ 
ly.  The  levels  found  f-'r  Ge  are  in  generally  good  agree¬ 
ment  with  what  is  known  about  deep  impurities  in  that 
material.  The  results  of  this  mooel  are  comparable  with 
those  of  other  theories.'^'’’  some  of  which  are  much 
more  complicated.  For  e»ampie,  we  calculate  the  vacan¬ 
cy  E%  level  to  be  0.24  cV  above  the  valence-band  edge, 
compared  to  a  range  from  0.04  to  0.66  eV  for  other 
theories.’  Wi:  estimate  the  uncertainty  in  our  theory  to 
be  a  few  tenths  of  an  eV,  comparable  with  the  claimed 
0.2-eV  uncertainty  for  self-consistent  pseudopotential 
calculations.”  In  Table  II  we  compare  the  present 


FIG.  7.  Predicted  substitutional  deep  impurity  levels  in 
Ge,Sni_,  of  £4  0-like  symmetry  as  a  function  of  composition 
.V.  The  zero  of  ene  gy  is  the  valence-band  edge.  The 
conduction-band  edges  at  P  and  L  are  shown.  Impurity  levels 
ip  the  gap  for  pure  Ge  are  driven  into  the  conduction  band  as 
X  decreases.  Occupancies  of  the  neutral  impurity  states  arc 
shown  on  the  right;  electrons  arc  solid  circles  and  holes  are 
open  circles.  An  extra  electron  (denoted  by  -•)  would  occu¬ 
py  a  state  near  the  conduction-band  edge. 


FIG.  8.  Predicted  siibstii'ttional  impurity  deep  levels  in 
Ge,Sh|_^  of  E;  !p:/2-Iike)  .and  £j  fpj/j-like;  symmetry  as 
functions  of  composition  x.  The  levels  are  plotted  reljtivc  to 
the  valence-band  edge.  Occupancies  of  'he  states  are- shown; 
electrons  are  solid  circles  and  holes  are  open  circles.  The* 
conduction-band  edges  at  P  and  L  are  shown.  Impurity  levels 
in  the  gap  for  pure  germanium.are,  driyen. into  -the  conduction: 
band  as  x  decreases. 


theory  with  experiment,  the  deep  energy  levels  for  S, 
Se.  and  te,  all  from  column  VI  of  the  Periodic  table, 
show  a-definite  trend  to  higher  energies  for  the  series  S 
to  Se  to  te.  titis,  trend  is  due  to  a  reduction  in  the  mag¬ 
nitude  of  the  atomic  orbital:  energies’  for  the  valence 
electrons  of-these  impurities:  hence  the  defect  potential 
weakens.  The  trend  is  present  both  in  theory  and  in  e.v 
periment.  While  the  predicted  level  for  S  precisely 
matches  experiment  (accidentally  good  agreement  for  a 
theory  with  an  uncertainty  of  a  few  tenths  of  ah  eV),  the 
theory  also  agrees  with  the  data  for  Se,  and  places  the 
Te  deep  level  just  above  the  conduction-bar.d  minimum, 
while  the  data  reveal  a  ’e-.el  of  O.I  eV  below  the  band 
edge  (within  the  uncertainty). 

C.  Doping  anomalies 

As  the  band  gap  decreases  with  increasing  Sn  compo¬ 
sition,  the  deep  levels  lying  in  the  fundamental  band  gap 
of  Ge  pass  into  either  the  conduction  band  or  the 
valence  band  of  the  alloy.  When  this  happens,  a  doping 


TABLE  II.  Comparison  of  our  calculated  deep  levels  (in  eV) 
•n  Ge  with  experimental  values  taken  from  W.  W.  Tyler,  J. 
Phys.  Chem.  Solids  8,  59  (1959).  The  Te  deep  level  :n  our 
theory  is  resonant  with  the  conduction  band  so  the  ground 
state  of  the  Te  impurity  nas  its  two  extra  electrons  in  the 
effective-mass  shallow  levels. 


Impurity 

Deep  levels 
Present  theory 

Experiment 

S 

0.58 

0.58 

Sc 

0.69 

0.62 

Te 

resonant 

0.65 
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anomaly  generany  dccufs.  There  arc  two  types  of  com¬ 
mon  ^doping  anbmaliK:  (i)  deep-sholiow  transitiohs. 
which  occur  when  a  deep  level  crdsscs^a  band  edge,  and 
(ii)  false:  valences  that^fesult  from  a  deep  level  crossing 
the  fiiridamental  band  gap. 

Foff'clarity  of  djscussioh,  we  shall  assuinc  that  the  pre¬ 
dicted  deep-level  energies  are  'precisely  correct,  while 
cautioning  the  reader  to  make  allowances  for  a  few 
tenths  of  an^eViUnceftainty  in  thc.thedry  due  to  neglect 
of  lattice  relaxation  and  chargcrstate  splitting  of  the  lev¬ 
els:'^  for  example, >  the  Hg ’£x  level,  according  to  Fig.  8, 
is>both  an  electron  and  a  hole  trap,  but  might  actually 
lie  below  the  valence-band  maximum,  donating  its  two 
holes  to  the  valence  band,  and  becoming  a  double  accep¬ 
tor.'  (The  holes  are  then  trapped  by  the  long-ranged 
Coulomb  pqtentiahin  shallow  acceptor  Icvels.f- 

I.  Deep-shaliow  irarsiiions 

AH- impurities  with  deep  levels  in  the  gap  for  Gc  un¬ 
dergo  3' deep-shallow  transition  as  the  Sn  composition 
increases..  For  example,  the  /»3/i-like  £1  Hg  level  is 
driven  into  the  valence  band  (Fig.  8),  win'ic  the  other 
deep  levejs  arejiriv'en  into  the  cgnduedqn  band  (Fig. 

When  the  Cl;  Br,  and  I  deep  E,  levels  pass  into  the 
conduction  band  with  oecreasing  x,  the  electrons  that 
occupy  the  deep  levels  are  autoionized,  fall  to  the 
conduction-band  minimum,  and  then  are  trapped-  in 
shallow  levels,  these  impurities  cease  being  deep  hole 
traps  (plus  single  donors)  and  instead  become  triple 
donors — the  status  they  wouJ  hold  in  a  naive  effecti'  :- 
mass  theory  which  contained  110  deep  levels; 

Simiia,.y  S  and  Se  are  deep,  (double-hole)  traps  in  Ge 
but  become  double  donors  for  smaller  (see  Fig.  7).  N 
is  a  deep  (electron  and  hole)  trap  in  Ge,  but  becomes  a 
shallow  donor  for  x  <0.6^  The  Hg-£g  level- traps  two 
electrons  and  two  holes  (if  the  theory  is  taken  literally) 
in  Ge,  but,  Hg  bccornes  a  double  acceptor  with  increas¬ 
ing  Sn  content.  Finai:>  the  vacancy,  which  is  a  deep 
trap  in  Ge  capable  of  capturing  four  electrons  or  two 
holes,  becomes  a  double  donor  when  both  of  its  levels 
enter  the  conduction  band  1  nut  is  only  a  hole  trap  when 
the  £j  level  is  in  the  conduction  band  and  the  £;  lever  is 
in  the  gap). 


2.  False  valences 

Substitutional  oxygen  displays  a  false  valence  of  zero 
with  respect  to  Sn  or  Ge,  instead  of  —2.  To  see  how 
this  happens,  consider  Fig.  9,  which  displays  the  predic¬ 
tions  for  substitutional  impurities  from  row  2  of  the 
Periodic  Table  in  Ge.  The  s-like  and  p-like  levels  in  the 
conduction  band  of  Ge  for  a  column-1  V  defect  (C)  move 
do'.v  ’  m  energy  aS  one  moves  to  the  right  in  the  Periodic 
Tabic.  The  i-Iikc  level  Iie.s  in  the  gap  for  N,  hut  crosses 
the  g,ap  into  the  valence  hand  for  oxygen  and  F.  Simi¬ 
larly  the  p-like  £7  and  £,  levels  descend  into  the  gap  for 
F.  Because  its  .v-like  Et,  deep  level  has  crossed  the  gap 
into  the  valence  band  and  contains  two  electrons,  neutral 
oxygen  produces  neither  a  dou'.  ie  donor  (elTcetive-mas- 
intuition)  nor  a  Icep  tr.ip.  Instead  neutral  oxygen  is  in¬ 
ert,  neither  trapping,  nor  donating,  nor  accepting  elec- 


FIG.  9.  Predicted  deep.levels  for  substitutional  impurities 
from  row  2  of  the  Periodic  Table  in  Ge.  Impurities  to  the 
right  of  C,  namely  N,  O,  and  F,  are  not  donors  (counter  to  in-, 
tuition).  N  and  F  are  traps,  while  O  is  inert.  B  and  Ty.  are  ac¬ 
ceptors,  G  is  inert,  and  Li  and  the  vacancy  trap  both  electrons 
and  holes..  Levels  in  the  bands  are  not  to  scale. 


Irons.  It  has  a  false  valence  of  zero  with  respect  to  Ge; 

Similarly  F  has  a  false  valence  of  —1  instead' dr ^'3; 
and  also  has  a  deep  level  in  the  gap  of  Ge.  There  arc  no 
false  valences  for  impurities  on  the  left  side  of  the 
Periodic  Table,  because  the  filled  s-  arid  p-like  states  in 
the  valence  band  moVe  up  in  energy,  and:  cross  iritouhe 
gap  for  the.  vacancy  levels  (Fig.  9), 

III.  GU.s.v  effect 

Gunn  oscillations' '•'*  result  when  electrons,  can 
transfer  from  a  high-mobility  region  of  the  Briljo.uin 
zorie  to  a  low-mobility  region.  The  mobilityds 

p=|e|r/m*, 

where  e  is  the  electron’s  charge,  and  m  *  is  the  electronic 
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FIG.  li'l.  Predicted  effective  electron  ma<.se>v  in  the  f  and  L 
valleys  vs  coniposiiuiii  x.  The  mass  in  the  F  valley  is  smaller 
than  the  mass  of  the  L  valley,  likely  rc.sulting  in  a  larger  mobil¬ 
ity  for  electrons  in  the  T  valley.  The  Gunn  effect  may  be  ob¬ 
served  for  0.4 <.r  --.O.S.  The  minimum  in  the  mass  of  the  F 
valley  olvUFs  .11  the  composition  where  Ih.  energy  hand  gap 
vani.shes. 
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effective  mass,  and  r  is  the  scattering  time  (due  to  pho¬ 
non,  impurity,  and  alloy  scattering).  In  most  semicon¬ 
ductors  the  mobility  of  electrons  in  the  P  valley  of  the 
.conduction  band  is  considerably  hiper  than  that  in  the 
L  of  A'  valleys,  o  ving  to  the  very  light  effective  mass. 
We  find  this;' to  be  the  case  for  Ge,Sh|_  ,  (see  Fig.  7).''' 
The  effective  masses  produced  by  the  current  model  may 
be  in  error  by  as  much  as  a  factor  oPiO;  nevertheless, 
the  model  does  give  a  good  qualitative  idea  of  how  the 
masses  vary  vdth  composition:  the  mass  of  the  P 
minimum  becomes  very  light  near -x  ::s0.4,  as  the  alloy 
becomes  metallic  (see  Fig.  10). 

Gunn  devices  are  also  known  tc  produce^cohefent  ra- 
diatioh.*”'’’  As  the  potential  across  the  device  incksases, 
it  eventually  causes  transitions  to  the  low-mobility  state, 
and  ;then  the  electrons  slow  down  and  form  a  high- 
fesistivity  domain  that  propagates  along  the  device. 
,Most  of  the  potential  drop  is  over  the  small  domain. 
The  resulting  electric' fields  are  large  and  can  cause  im¬ 
pact  ionization,  generating  electron-hole  pairs;  As  the 
domain , passes,  through  the  material,  the  electron-hole- 
pairs  are  left  behind.  The  electrons  (holes)  fall  to  the 
conduction  (valence)  -band  edge  through  phonon  emis¬ 
sion.  The  pairs  undergo  radiative  recombination.  Such 
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fadiatioh  stimulates  further  recombination  and  light  is 
coherently  prccluced.  It  is  an  unanswered  e.xperimental 
question- whether  such  effects  occur  in  Ge,,Sn|^  ,. 

IV.  SUMMARY 

In  summary,  we  hav-  predicted;  the  electronic  struc¬ 
ture  of  Ge^Sn,_,  alloys,  and  find  that  these  materials 
should  e.xhibit  interesting  properties  for  some  ranges  of 
composition  x,  including  direct  band  gaps  in  the  infrared 
and  band  structures  compatible  with  the  Gunn  effect. 
We  hope  that  this  work  will  stimulate  further  attempts 
to  produce  electronic-pade  Ge^Sn,.,,  materials. 
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Theoretical  predictions  of  electronic  ener^  levels  associated  with  s-  and^-bond^  substitutional 
point  , defects  at  (110)  surfaces  of  InAs-and  other  III-V  semiconductors  are  presented  and 
discussed.  The  specific  defects  considered  for  InAs  are:  anion  and  cation  vacanci«,  the  (native) 
antisite  defects  In^,  and  As, „ ,  and  26  impurities.  The  predicted  surface-defect  deep  levels  are  used 
io  interpret  Schottky  barrier  height  data  for  (a)  n-  and  p-(InAs]  and  (b)  the  alloys  Al^  Ga,  _ As, 

GaAs,_,P,,  In,_,Ga,P,  and  In,., Ga, As.  The  rather  complicated. dependence  of  the 
Schottky  barrier  height  on  alloy  composition  x  provides  a  nontriyial  test  of  the  theory  fand- 
competing  throries).  The  following  unified  microscopic  picture  emerges  from  these  and  previous 
calculations:  (1)  i-'or  most  III-V  and  group  IV  semjcqnduc^to^rs,  Fennirleyel.pinning;by;native 
defects  can  explain  the  ol^rved  Schottky  bdmoi  heists:  (2j  FonGkAs,  InP/and  other  III-^V 
semiconductors  interfaced  with  nonreactive  metals,  the  Fermirlevel  pinning  is  nomally  due  to 
antirite  defects^  (3)  When  InP  is  interfaced  with  a  reactive  metal,  surface  P  vaeweies  are  crated 
which  pin  the  Fermi  level.  (4)  Impurities  and  defect  complex^  «e  Miactin:tes  implicated.  (5)  At 
Si/transition-metal-silicide  interfaces.  Si  dangling  bonds  pin  the  Fernii  level.  (6)  The^  defects  at 
the  semiconductor/metal  interfaces  are  often' “sheltered"  or  “encapsulated.”  That  is,  .the  states 
fespohrible  for  Fennirlevei  pinning  are  fr^ueiitly  “dangiing-bpnd"  state;,  that  dangle  jhto  a 
neighboring  vacancy,  void,.6r  disordered  region.  The  defects  are  partially,  surrounded  by  atoms 
that  are  out  of  resonance  with  the  semiconductor  host,  causing  the  defect  levels  to  ^  deep-level 
pinned  and  to  have  energies  that  are  almost  independent  of  the  metal. 

PACS  m  mbers:  71.20.Fb,  73.30.  +  y 


I.  INTRODUCTION 

In  this  paper  we  repori  calculations  of  the  deep  level.**  .'isso- 
dated  with  surface  s-  and  /^-bonded  substitutional  point  de¬ 
fects  in  InAs.  and  we  show  how  these  results  fit  into  an 
emerging  unified  microscopic  picture  of  surface  deep  levels 
and  ^hottky  barrier  heights  in  III-V  and  group  IV  semi¬ 
conductors. 

II.  DEFECTS  AT  THE  InAs  (110)  SURFACE 

The  calculations  we  report  employ  existing  and  well-es¬ 
tablished  techniques  for  treating  defects  in  semiconductors 
and  at  semiconductor  surfaces.'"'*’  Briefly  staged,  the 
Green’s  function  matrix  G  (£)  =  (£  —  /f )~ '  of  the  host  semi¬ 
conductor,  with  a  (1 10)  surface  relaxed  according  to  the  27 
rigid-rotatio".  model,”"'’  is  constructed  in  an  empirical 
nearest-nrighber  sp^s*  tight-binding  basis.**’  Because  the 
matrix  elements  of  the  empirical  tight-binding  theory  exhibit 
simple  dependences  on  the  orbital  energies  of  the  atoms  and 
the  bond  lengths  between  neighbors,  the  changes  in  ti'.cse 
matrix  elements  due  to  a  defect  can  be  estimated  from  the 
known  atomic  orbital  energies  of  the  defect  atom  and  the 


(presumed  known)  lattice  distortion  around  thedefect.  Thus, 
a  defect  potential  matrix  car.  be  censtru**’  *  is 
localized  to  the  impurity  siteand  a  small  number  of  us  neigh¬ 
bors.  (In  practice  lattice  distortion  around  the  defect  has 
only  a  small,  =s0.2  eV,  effect  on  the  deep  levels  of  interest, 
and  so  we  neglect  it— making  Vj  a  diagonal  matrix  in  a  lo¬ 
calized  basis.)  The  resulting  eigenvriue  equation  for  the 
“deep”  energy  level  £  is 

det(l-G(£)Frf]  .-=0, 

whose  solutions  £(  F’,  j  are  given  in  Figs.  1  and  2  for  defects  at 
the  (110)  surface  of  InAs.  [To  plot  £  as  a  function  of  u  single 
variable  F„  wr  have  made  the  usugl  approximations  for  the 
on-sitc  matrix  elements  of  the  5x5  matrix  Pj:  (1)  the  s* 
utagonal  element  and  all  off-diagonal  elements  vanish,  and 
(2)  the  thi  eep  diagonal  elements  are  equal  to  one  another  and 
half  of  the  s-diagonal  element  F, .’•***]  Details  of  the  calcula¬ 
tions,  which  are  identical  to  those  for  other  III-V  semicon¬ 
ductors,  ar  •  available  in  the  litc.ature,'"**'^  It  should  be  em¬ 
phasized  that  this  theory  is  best  suited  for  predicting 
chemical  trends  in  the  energy  levels  of  different  impurities  in 
different  hosts,  rather  than  predicting  with  precision  theab- 
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Fic.  I:  Deep  levels  for  impurities  on  the  In  site  Within  an  JnAs(  1 10)  surface 
layer  (solid  lines).  K,  is  the  impurity  potential  for  r  electrons.  £,  and  E,  are 
the  conduction  and  valence  band  ^ges.'^e  curves  are  labeled  according  to 
the  parity  of  the  defect  state  with  respect  to  the  (iTO)  plane,  which  is  perpen¬ 
dicular  to  the  I  i  lOJ  surface  plane.  The  dashed  lin«  give  the^,  (s-like)  and  Ti 
(p-Iike|  levels  liar  the  In  site  in  bulk  InAs. 


solute  energy  levels  :themselv«.  For  thjs  reason,  it. is  espe-. 
ciaUy  'weiriuited'for  truting  smaU  band-gap  semiconduc* 
tors,  because  a  knowledge  of  the  trends  can  compensate  for  a 
significant  theoretical  uncertainty  on  the  scale  of  the  band 
gap. 

The  predicted  surface  (sblid  line)  and  bulk  (duhed  line) 
deep  levels  for  defects  at  the  As  site  in  InAs  are  given  in  Fig. 
1.  The  surface  or  bulk  deep  levels  of  a  specific  impurity  are 
obtained  (roughly*')  by  dropping  a  vertical  line  from  that 
impuriiy  (at  the  top  of  the  graph)  and  determining  its  inter* 
sections  with  the  solid  or  dashed  theoretical  curves.  For  ex¬ 
ample,  Zn  on  the  As  site  in  InAs  is  predicted  to  produce  a 
bulk  level  roughly  0.2  eV  above  the  valence  band  maximum 
and  a  surface  -F  parity  level  at  roughly  0.4  eV  (just  below  the 
conduction  band  minimum),  the  vacancy  levels  arc  the  lim¬ 
its  as  F,-»oo  of  these  curves.'^ 


As  Si  n 


Fig.  2.  De«p  levels  for  the  As 
site  31  the  InAsfllO)  surface 
(solid  lines)  and  in  bulk  InAs 
(dashed  lines). 


The  elect  ronic  occupancy  of  a  level  is  determined  by  nqtr 
ing  its  origin  for  F,  =  0  and  the  valence  difference  between 
the  impurity  and  the  host  atom.  For  example,  neutral  Zii  has 
three  fewer  electrons  than  As,  or  three  mbfc  holes.  For  sufr 
face  Zn,  two  of  these  holes  go  into  the  uppermost  +  level, 
which  (with  V,  incre^ing  from  zero)  emcrgw  from  the  va¬ 
lence  baiid,  crosses  the  gap,  and  passes  into  the  conduction 
band.  The  third  hole  goes  into  the  second  -r  level,  which 
(for  y,  equal  to  the  value  appropriate  for  Zn)  lies  roughly  0.4 
eV  above  the  valence;  band  maximem  in  the  fundamental 
gap.  Thus,  the  only  dwp  level  in  The  gap  of  neutral 
surface-Zri;^,  is  occupied  by  one  electron  and  one  hole.  Ne¬ 
gatively  chafged-Zn"  at  the  surface  would  have  two  elec¬ 
trons  in  this  level.  A  similar  argument  for  the  bulk  Zn  level 
reveals  that  the  orbitally  threefold-degenerate  T,  state  lies  in 
the  gap  and  is  occupied  by  three  electrons  atid  three  holes 
when  the  defect  is  neutral. 

Similarly,  the  As  vacancy  corresponds  to  K,— os,  with 
five  holes  added;  i.e.,  the  As  site  atom  is  decoupled  from  the 
host'*  and  its  electrons  arc  removed.  Thus,  three  electrons 
and  five  holes  “occupy”  all  the  jeveis  of  the  vacancy,  includ¬ 
ing  those  that  have  been  pushed  into  and  are  resonant  with 
the  conduction  band.  Electrons  are  unstable  in  resonant  lev¬ 
els,  so  they  spill  but  and  fall  to  the  conduction  band  edge., 
•The  defect  then  beebmes  a  shailow  donor,  with  levels  bound 
by  the  long-range  Coulomb  tail  of  the  potential  (omitted 
from  the  present  model).  Our  calculations  thus  predict  that 
the  As  vacancy  in  InAs  yields  only  shallow  donor  levels  in. 
the  gap. 

We  can  estimate  the  energies  and  electronic  occupancies 
of  levels  in  the  gap  produced  by  the  various  defects  of  Figi  1 
and  2  in  a  similar  way.  We  found  above  that  th  surface  As 
vacancy  produces  no  deep  levels  in  the  gap  (deep  being  de¬ 
fined  as  bound  as  a  result  of  the  central-cell  potential)  and; 
instead  gives  shallow  donor  states  hear  the  conduction  band 
edge.  Similarly  the  neutral  surface  In  vacancy  produces  only 
a  deep  level  occupied  by  one  electron  and  one  hole  near  the 
conduction  band  edge,  at  approximately*'  0.3  eV.  The  sur¬ 
face  antisite  defect  In,^,  produces  a  dev--^  level  in  the  gap  at 
approximately* ‘  0.05  eV,  near  the  \.iience  band  maximum, 
which,  for  neutral  In,  is  occupied  by  two  electron^  SiiHace 
and  bulk  A5,„  produce  doubly  occupied  denor  states  near 
the  conduction  band  edge,  that,  within  the  theoretical  uncer¬ 
tainty,*  could  be  either  shallow  or  deep  (at  :i:0.65  eV,  above 
the  conduction  band  edge,  for  the  su.-face,  producing  shal¬ 
low  donor  levels  in  the  gap). 

111.  SCHOTTKY  BARRIER  HEIGHTS 

The  energy  levels  of  the  native  defects  are  relevant  to  the 
Schottky  barrier  problem.  According  to  Bardeen’s  theory  of 
Fermi-level  pinning  (in  simplified  form)  the  bulk  bands  bend 
so  that  the  Fermi  energies  of  the  surface  and  the  bulk  align. 
The  band  bending  forms  a  Schottky  faevrier.  For  fl-:ypc  (  p- 
type)  InAs,  the  surface  Fermi  level  is  believed  to  deter¬ 
mined  by  native  defects  at  ths  surfise,  and  lies  near  the  level 
to  be  occupied  by  an  e.v'ra  electron  (hols), 

For  n-InAs  the  Schottky  barrier  height  is  approximately 
the  energy  of  the  conduction  band  edgi  relativ "  to  the  lowest 
em|;ty  curface  defect  level— the  surface  Fermi  level,  Assum- 
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Flc,-3.Schottky  barrier  height  6,  as  function  of  alloy  cbm^sition  x  for  Au 
contacts  to  n-type  AI,Ga.  .,As,  GaAs,  .,P,,  =In,  ^^Ga,P,  and 
IH)  _<Ga,As.  The  experimental  data  are  those  of  S.  S.  Besti  Appl.  Phys. 
Lett.  34, 552  (1979)  for  Al.  Ga, . .  As;  W.  G.  Spitzer  and  C.  A.  Mead.  Phys. 
Rev.  A  133, 372  ( 1 964),  and  D.  A.  Nearnen  and  W.  W:  Grahneni'ann,  Solid 
State  Electron.  14,  1319  (1971)  for  GaAs,  _,P,:  T.  F.  Kuech  and  1.  O. 
'McCaldin,  J.  Vac.  Sci.  Twhnol.  17,  891  (1980)  for  In|_,Ga,P;  and  K. 
Kijiyama,  Y.  .Mizushima,  and  S.  Sakata,  Appl.  Phys.  Lett.  23, 458 1 1973)  for 
■Ini  =  , Ga,As.Forthis  alloy,  the  data  of  H.H.'Wieder,’Appl.''Phyf'Lett.'38,' 
170  (1981),  for  metal-insulator-semiconductor  structures,  are  also  shown. 

ing  only  native  surface  defects  (i)  Ibaii  (ii)  As,„ ,  (Hi)  (As 
vacancy),  or  (iv)  ,  the  Fermi  level  is  (i)  near  the  conduction 
band  edge,  (ii)  near  the  conduction  band  edge,  (iiii  hear  the 
conduction  band  edge,  or  (iv)  at  2s0.3  eV,  If  the  concentra¬ 
tion  of  Fin  at  the  surface  is  less  than  the  concentration  of  As 
vacancies  plus  half  the  concentration  of  ASin,  the  As,n  arid 
Fa,  levels  compensate  the  F,n  level — so  that  the  surface  Fer¬ 
mi  level  lies  at  the  conduction  band  edge.  Thus,  normally, 
the  surface  Fermi  level  of  n-InAs  is  nearly  at  the  conduction 
band  edge,  the  Schbttky  bairier  height  is  approximately 
zero,  and  the  semiconductor/metal  contact  is,  by  dehnitiori. 
Ohmic. 

For/7-In,As,  the  Schottky  barrier  height  is  approximately 
the  energy  of  the  surface  Fermi  level  for  holes  relative  to  the 
valence  band  maximum.  The  surface  Fermi  level  for  holes  is 
(i)  near  the  valerice  band  maximum  (csO.05  eV),  (ii)  near  the 
conduction  band  edge,  (iii)  near  the  conduction  band  edge,  or 
(iv)  near  ~0.3  eV  (slightly  less  than  the 0.42  eV  band  gap)  for 
Iha,,  As,„,  Fa,,  or  F,„ ,  respectively.  Under  normal  circum¬ 
stances  we  expect  the  As-n  and  Fa,  defects  to  compensate 
F,„ ,  causing  the  surface  Fermi  level  to  lie  nearly  at  the  con¬ 
duction  band  edge.  Hence,  p-InAs  should  have  a  Schottky 
barrier  height  of  approximately  the  band  gap. 

Mead  and  Spitzer^*  have  reported  a  Schottky  barrier 
height  of  zero  (Ohmic)  for  «-InAs  with  Au  contacts  and  a 
barrier  height  for;>-In  As  of  approximately  the  band  gap— as 
the  theory  predicts! 

IV.  RELATIONSHIP  TO  SCHOTTKY  BARRIER 
HEIGHTS  IN  OTHER  lll-V  MATERIALS 

We  believe  the  defect  primarily  responsible  for  Schottky 
barrier  formation  in  InAs,  is  InA,,  but  that  Asi„  and 
play  secondary  roles,  as  discussed  above.  Evidence  support¬ 
ing  the  importance  of  the  cation-on-anion  site  antisite  defect 
is  available  from  the  predicted  alloy  dependence  of  Schottky 
barrier  heights  for  Au  on  n-type  semiconductors,  shown  in 


Fig.  3.  (See  also  Refs.  I  and  2.)  The  theory  rather  dramatical¬ 
ly  mimics  the  data  and  their  major  and  complicated  chemi¬ 
cal, trends  for  a  wide  range  of  III-V  semiconducting  alloys. 
(For  p-type  materials,  the  predicted  alloy  dependences  are 
less  dramatic  and  quite  different — and  appear  to  be  fully 
consistent  with  e.xisting  data.) 

Further  evidence  supponing  the  role  of  surface  aritisite 
defects  includes  (i)  experiments  showing  that  the  barrier  cari 
be  “annealed”  at  a  temperature  characteristic  of  antisite  de¬ 
fects,*^  but  not  at,  the  vacancy  annealing  temperature,*^  and 
(ii)  e.\periments  demonstrating  that  the  concentrations  of  de¬ 
fects  respcoNible  for  pinning  the  surface  Ferini  levels  of  n- 
GaAs  and  p-GaAs  are  nearly  equal**  (see  Ref.  30). 

This  is  not  to  say  that, any  one  defect  is  responsible  for 
Fefmi-level  pinning  in  all  materials.  For  example,  in  n- 
InP’*"*’  it  appears  likely^  that  reactive  irietal  contacts  pro¬ 
duce?  vacancies  and  iriake  the  Schottky  barrier  height  near¬ 
ly  zero,  whereas  nonreactive  metals  produce  primarily 
antisites  and  Schottky  barrier  heights  of  ceO.5  eV;  Extrinsic 
impurities,  notably  S  and  Sn,  are  also.thought  to  determine 
the  Schottky  barrier  height  of  InP  under  certain  conditions.^ 

We  speculaw  that  the.  ‘.‘cleavage-related-  defect’-’  in 
GaAs*^  ’°  involves  GaA,  and  that  the  “chemisorption-relat¬ 
ed  defect”  involves  Asq,  . 

V.  RELATIONSHIP  TO  SI 

A  simile  picture,  namely.  Fermi-level  pinning  by  Si  dan¬ 
gling  bonds  at  Si/transition-metal-silicide  interfaces,  seems 
to  explain  those  Schottky  barriers  as  well.*’’’'  This  work  also 
helps  to  explain  why  calculations  for /ree  can  (be 

used  to  interpret  data  for  semiconductor/metal  contacts.  In 
reality,  the  defects  responsible  for  Fermi-level  pinning  are 
not  isolated  point  defects  at  an  ideal  free  surface,  but  instead 
defects  adjacent  to  vacancies,  voids,  or  disordered  regions  of 
the  semiconductor/metal  interface,  which  are  effectively 
“encapsulated”  by  electropositive  metal  atoms  or  other 
atoms  at  the  contact.  These  atoms  are  out  of  resonance  with 
some  qfthe  semiconductor  atoms,  and  function  primarily  ns 
a  repulsive  potential  that  pushes  the  defect  state  (frequently  a 
dangling-bond  state)  back  toward  the  semiconductor.  Since 
they  are  out  of  resonance,  they  act  electronically  as  pseudo¬ 
vacancies,  mechanically  “sheltering”  the  Fermi-level  pin¬ 
ning  defect  without  greatly  affe(:ting  it  electronically.’"  The 
defect  level  is  “deep-level  pinned”"  by  these  encapsulants — 
explaining  why  different  contacts  produce  similar  Schottky 
barrier  heights.  The  paradigm  for  such  “sheltering”  is  an 
interfacial  vacancy  sheltering  a  Si  dangling  bond  at  a 
Si(lll)/NiSi2(in)  interface,  illustrated  in  Refs,  band  31. 

Here  it  is  important  to  realize  that  bulk  point  defects,  spe¬ 
cifically  bulk  antisite  defects,  cannot  exp’afn  the  Fermi-level 
pinning  data  for  GaAs,  suggetions  to  the  contrary”  not 
withstanding.  While,  for  e.tample,  bulk  ASq.  ap|te'ars  to 
have  a  level  close  to  the  level  required  to  explain  the  «-GaAs 
Schottky  barrier,  this  level  cannot  pin  the  Fermi  enef|y  be¬ 
cause  (in  contrast  to  the  pinning  level  of  surface  As/-,  j  it  is  a 
donor— heini  fully  occupied  when  the  defect  is  neUlral.  A 
deep  acceptor  is  required  to  pin  the  Fermi  level  of  an  «-type 
semiconductor.”  Moreover,  the  fact  that  ASq,  in  the  bulk 
has  a  certain  energy  level  docs  not  imply  that  it  will  have  the 
tarn?  Jiiergy  level  at  the  surface  or  at  a  GaAs/metal  inter- 
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face;  Surface  and  interfacial  defects  generally  have  more 
deep  levels  in  the  fundamentahbahd  gap  t^n  the  same  de¬ 
fects  in  the  bulk,  and  the  energy  levels  of  surface  defects 
ty  p’.caily  differ  from  those  of  bulk  defects  by  -- 1  eV.  This  is 
the  case  because  the  p-like  T,  level  of  a  bulk  substitutional 
defect  often  lies  outside  of  the  band  gap  as  a  deep  resonance 
in  the  conduction  band;  the  surface  or  interface  destroys  the 
tetrahedral  point-group  symmetry  of  the,  defect  and  splits 
the T;  level,  often  driving  one  or  niofe  of  the  split  sublevels 
into  the.  band  gap. 

We  therefore  conclude  that  the  following  zeroth-order 
model  provides  a.very  satisfactory  description  of  Fermi-level 
pinning  and  Schottky  barrier  formation  for  both  III-V;  and 
group  IV  semiconductors:  Various  native  surface  defects 
(antisites,  vacancies,  and  dangling  bonds),  or  their  complex¬ 
es,  pin  the  Fermi  energy  at  the  semiccHiductor  surface.”  The 
basic  picture  initiated  by  Bardeen,^^  and  further  developed 
and  championed  by  Spicer,^*"^*  is  thus  fouhii  to  be  funda¬ 
mentally  correct.  The  task  of  future  theories  is  to  work  out 
the  corrections  to  this  simple  picture  due. to,  for  example, 
work-function  effects  and  the  details  of  specific  metal/semi¬ 
conductor  interfaces. 
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The  height  of  the  Sehottky  barrier  formed  at  tfansitionjmetal/Si  interfaces  varies  over  a.  very  small  range. (■••  0.4  cV) 
considering  the  wide  range  of  electronic  structures  possiNe  from  one  end  of  the  transition>metal  series  to  the  other. 
Furthermore,  the  harriers  are  observed  to  form  within  a  feu  monolayers  of  metal  coverage,  suggesting  that  the  barrier  is. a 
property  of  the  local  bonding  and  that  the  true  metallic  slates  play  only  a  minor  role.  A  model  has  been  developed  to  explain 
the.se  faci,>  in  terms  of  the  Fermi-losel  pinning  mechanism  of  Sehottky  barrier  formaii  sn.-The  phy.sics  contained  in  the  model  is 
that  c'  .1  Si  dangling  bond  sheltered  from  the  transiiibn.meial>silicideby  .in  inierfacial  vacancy.  Since  (i)  the  dangling-bond  is 
sheltered  from  the  meiallic-silicide  and  (ii)  the  atomic  energy  levels  of  the  transition  metal  are  out  of  resonance  wi.h  Si.  the 
dangling  bond  (which  forms  a  level  in  the  Si  band  gap)  will. be  only  weakly. perturbed  by  the  silicide.  Thus  ihis  interfacial 
dangling  bond  . can  pin  the  Fermi  level  at  nearly  the  .saifte  energy  for  all  the  iransiiion-meial-silicides.  A  tight-binding 
calculation  of  the  electronic  structure  of  this  defect  at.thc  NiSi;/Si(lll)  interface  has  beeii  performed  for  an  infinite  interface 
using  the  transfer-matrix  technique.  The  results  of  this  calculation  are  de.scribed  in  terms  of  a  very  simple  molecular  model. 


It  is  a  remarkable  fad  that  the  S.hotiky  barrier 
heighls  for  ilic  whole  range  of  Si/ silicide  inter¬ 
faces  varies  over  a  relatively  nar.-'-tw  range  of  about 
0.55-0.87  eV  in  n-Si  [1].  For  a  Si  bandgap  of  1.1 
cV.  thi.s  places  the  Fermi-level  in  the  /rmr  part  of 
the  bandgap  between  0.23-0.55  eV  .ibo\e  the  va¬ 
lence  band  edge.  Here  we  argue  that  .sucl.  barriers 
can  be  understood  in  terms  ot  Fermi-level  pinning 
(2)  by  a  small  concentration  of  Si  dangling  bond.s 
that  are  "sheltered"  from  the  transition  metal  by 
vacancies  at  the  Si/silicidc  interface.  This  e.xplana- 
tion.  which  differs  substantially  from  previous  the¬ 
ories  of  Si  Sehottky  barrier  formatism  [1.3.4].  uni¬ 
fies  the  understanding  ol  Si/transition-metal 
Sehottky  barriers  with  the  generally  accepted 
model  of  Fermi-level  pinning  by  native  defects 


|5.6|  at  (110)  interfaces  between  lll-V  semic<Mi- 
duciors  and  metals  [7]  or  other  overlayers.  A  more 
detailed  account  of  our  work  w:li  be  given 
elsewhere  |8|. 

The  following  observations  place  severe  con¬ 
straints  on  any  theory  of  Sehottky  barrier  forma¬ 
tion  at  Si/silicide  interfaces:  (1)  The  carrier  heights 
for  the  silicides  all  lie  within  0.4  eV  of  o  e  another 
for  all  the  different  transi.ion  metals,  stoichiome¬ 
tries.  and  cry.vtal  structures.  (2)  The  barriers  are 
observed  to  fv-rm  at  low  coverages  before  a  com¬ 
plete  metallic  silicide  is  formed,  indicating  that  the 
local  atomic  bonding  at  the  interface,  rather  thun 
any  collective  interface  property,  determines  the 
barrier  jl).  (3)  There  are  only  slight  variations  of 
the  barrier  height  for  different  compounds  of  a 
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given  transition  metal  [9.10]  indicating  that  the 
transition  metal  itself,  rather  than  stoichiometry, 
crystal  structure,  etc.;  determines  the 'barrier.  (4) 
The  barrier  height.s  for  n-  and  p-type  Si  very 
nearly  add  up  to  the  Si  bandgap.  -Tliis  fneahs  that 
the  pinning  level  must  only  be  partially  occupied, 
so  that  it  may  act  as  both  an  acceptor  and  a  donor. 

We  propose  that  these  observations  can  be  un¬ 
derstood  quite  naturally  in  terms  of  ad  interfacial 
vacancy  which  shelters  a  Si  dangling  bond  from 
the  effects  of  the  transition  metal.  This  dangling 
bond  has  only  a  weak  link  with  the  silicide  and  is 
only  slightly  perturbed  by  the  tianstition  metal  s-, 
p-,  and  d-orbitals,  and  hence  is  in.sensitive  to  the 
large  variations  (on  a  leV  scale)  one  might  e.^pect 
to  occur  when  tite  transition  metah  is  vyjed.  or 
When  the  stdiciiioh'eFy  of  the  crystal  structure  of 
the  silicide  is  changed. 

To  make  these  ideas  specific,  we  consider  a 
particular  e.xample  of  such  a  defect  -  the  e.vample 
illustrated  in  fig.  1  for  the  case  of  the  abrupt 
Si/NiSijdll)  interface.  If  the  vacancy  in  fig.  1 
were  replaced  by  a  Si  atom,  one  would  have  the 
bonding  configuration  determined  by  Cherns  et  al. 
(11].  For  the  reactive  systems  under  consideration 
here  (traniitidn  metals  "eating"  their  way  into  Si), 
a  reasonable  concentration  of  vacancies  ( -  10*-' 
cm"*)  appears  quite  likely. 

Here  we  consider  a  very  simple  niodel  of  the 
electronic  structure  of  the  defect  shown  in  fig.  1. 
This  model  is  justified  only  by  the  re.sults  of  the 
more  complete  calculation  described  elsewhere  (8). 
but  it  reveals  the  e.ssential  physics  of  the  problem. 


!  2  3 

N.  N< 


Fig.  1.  An  example  of  an  irierfaeial  vacaney  .^lielicnng  a  Si 
dangling  bond.  Repl.n'ing  llie  vacancy  by  a  Si  aloin  givcx  i!ic 
geometry  o!  t.be  NiSi ./Si  ( 1 1 1  >  interface  deterniincO  b\  CliefP.v 
etal.  (11). 


In  thi.s  simplified'  mddeh^oniy  Tourgioms  are  ex¬ 
plicitly  considered  -  those  surrounding  the 
vacancy  -  and  only  one  sp’  hybrid,  orbital  per 
atom  -  which  is  directed  toward  the  vacancy.  We 
first  take  all  four  atoms  to  be  Si  (tetrahedral 
symmetry)  and  later  change^  three  of  these  atoms 
into  Ni  (Cj„  symmetry)  to  simulate  the  Si/NiSi, 
interface. 

Taking  all  four  atoms  to  be  Si.  we  construct  the 
.A,  and  T,  states  of  the  bulk  Si  vacancy: 

|Ai(a,)>  =  Hl<;>o> +|^t> +|<J>:>  +  (la) 

it,(a,)>  =  (1/v/T2)(3|<>o> -1-^:) 

(lb) 

iT:.(e)il>.  =ll/v(2:)(l<tt.)  - 1•^>.0)..  (.19)- 

lT,(e).2>  =  (l7t/6  )(|^,>  +!«,>  -  21<J.,».  (Id) 

where  the  orbital  |<#),)  is  the  hybrid  orbital  of  atom 
/;  The  energies  of  the  A,  and  T,  levels  can  be 
described  by  two  parameters  t;,  .and  t\  here  we 
have  =  <'i>, I //.!<>!>  is  the  orbital  energy  of  ah  sp' 
hybrid,  and  -/  =  (<?>, I for  /  represents 
the  interaction  between  two  different  hybrid 
orbitals.  These  two  parameters  represent  effective 
interactions  and  are  obtained  by  fitting  to  the  bulk 
Si  vacancy  deep  levels.  The  A)  level  is  resonant 
with  the  valence  band  at  £^i  =  tA-3f.  while  the 
triply  degenerate  T,  level  lies  in  the  Si  bandgap 
and  has  an  energy  Ey.  =  t,,  +  f.  We  list  in  table  1 


Table  t 

The  calculated  .A,-  and  Tj-symmeiric  energy  level.<  for  the 
unrelaxed  Si  vacancy  by  several  workers:  the  calculation.N  arc 
cither  pseudopoteniial  (P)  or  tight'binding  (TB):  all  encrgic.s 
are  in  eV,  and  the  top  of  the  valence  band  i\  defined  to  be  the 
icro  of  energy;  the  Si  bandgap  is  l.lcV;  the  two  parameters  <* 
and  r  are  simply  obtained  from  the  A ,  and  T,  energy  levels  f.scc 
text):  the  important  parameter  c*  is  the  energy  of  a  .-ingle 
dangling  bond  and  is  found  to  lie  in  the  lower  part  of  the  Si 
bandgap  in  all  cases 


T;  pc  of  calculation 

At 

T- 

<* 

P 

TIi 

level 

level 

Ref.  (121 

-1.10 

0.70 

0.-J5 

0.25 

Ref.  (1.^1 

-0.60 

0.80 

0.35 

0.45  , 

Ref.ll4| 

-l.lti 

0.60 

0.-J2 

0.16 

Ref.  (15) 

-0.5.S 

0.75 

0.33 

0,43 

Ref  |I6| 

-o.% 

0.51 

0.37 

0.14 
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the  A,  and  T;  levejs  for  three  different  p.seudo- 
potentjal  calculations  (12-14)  and  txvo  tight-bind¬ 
ing  (15.16)  calculation.'!  for  the  unrela.\cd  vacancy 
in  Si.  crom  these  levels  the  ptiraihcters  and  t 
can  he  e.'ctracted  using  =  (£\|  +  and 

I  =  (Ey,  -  £a,  1/^-  </.'  which  is  the  en¬ 

ergy  of  a  if/i.i'/t*  Si  dangling  bond,  lies  in  the  lower 
part  of. the  .S;  bandgap  in  all  ca.ses. 

We  -le.xt  change  three  of  the  atones  surrounding 
the  vacancy  into  Ni  atoms.  We  do  this  by  raising 
the  hybrid  orbital  energies  of  atoms  1.  2.  and  3 
(see  fig.  1)  from  to  +  K  where  5  eV  (8) 
represents  the  (large)  positive  difference  between  a 
Ni  and!  a  si  sp-'  hybrid  orbital.  The  symmetry  is 
now  reduced  from  Tj  to  C,^,  and  the  possible 
levels-are  of  a,  (o-like)  and  e  (c-like)  symmetry, 
the  states  of  e-symrnetry  evolve  from  two  of  th  j 
t;  levels  of  the  bulk  Si  vacancy  (the  T-fe)  levels  i" 
eqs.  (lc)‘and  (Id)),  but  are  raised  out  of  the  gap 
roughly  linearly  with,  the  -potential  V  to  become 
resonant  with  the  conduction  bands.  Since  the 
e-symmetfic  levels  are  not  in  the  cap  and  are 
metal-atom  derived,  they  play  no  role  in  pinning 
the  interfacial  Fermi  level,  and  we  will  no  longer 
consider  them. 

The  interesting  levels  are  those  of  a, -symmetry 
which  are  admi.xiures  of  the  |A,(a,)>  (eq.  (la))  and 
the  |T-(a,)>  (eq.  (lb))  levels  of  the  bulk  Si  v.ncancy. 
However,  since  the  Si  and  Ni  hybrid  orbitals  are 
no  longer  degerierate.  perturbation  theory  shows 
that  the  effective  interaction  between  Si  and  Ni 
hybrid  orbitals  is  reduced  from  r  (  -  0.4  eV)  for  the 
hulk  SI  vacancy  to  for 

ierfaci.il  vacancy.  A  schematic  energy  level  dia¬ 
gram  for  a, -symmetric  states  of  the  bulk  and 
interfacial  vacancies  is  shown  in  fig.  2.  Note  that 
because  Ni  (or  any  transition-metal  element)  and 
Si  are  "out  of  resonance",  a  level  is  formed  in  the 
lower  part  of  the  Si  bandgap  which  is  tied  to  the  Si 
dangling  bond  energy  and  is  relatively  in.<ensi- 
tive  to  the  transition  metal  as  long  as  we  have 
l's>/.  This  simple  model  leads  to  the  important 
conclusion  that  for  various  transition  metals,  in¬ 
terfacial  Fermi-lescl  pinning  positions  are  nearly 
equal  to.  but  slightly  below,  the  "defeat  pinning 
energy"  of  a  single  Si  dangling  bond. 

We  brieily  mention  the  more  rigorous  calcula¬ 
tions  on  watch  the  simple  model  is  ba.sed.  .A 


I 

I 


coneuetion  ,  .  _  -  I  , 


Butii  Si  '/acancy  Intertccsdl  Vocincy 

Fig.  2.  Schematic  energy  level  diagram  of  the  a|-symmetric 
levels  of  (a)  the  bulk  Si  vacancy  and  (b)  the  inierfacial  vacancy. 
■Ih-(a)  theTyBnd  orbitals  ai  r,,  lie:in'  the  Idwer'part  of  the  Si 
bandgap. but  interact  strongly  through  i  to  produce  the  Aj  level 
resonant  with  the  valence  band  and  d  T-  level  in  the  upper  part 
of  the  bandgap.  In  i“i  the  hybrid  orbitals  of  Si  and  .S'!. are  no 
longer  degenerate  and  their  interaction  is  reduced  by  r/k'.  this 
brings  out  of  the  valence  band  so  that  it  how  lies  only 
slightly  below  the  Si  dangling  bond  energy  (The.ai-symmet- 
nc  representation,  refers  to  the  C),  group  appropriate  for. the 
interfacial  vacancy.  Since  C,i,  is  a  subgroup  of  fj.  the  A,  tihd 
one,  of  the  T-  levels.of  the  bulk  Si  vatahey  are  also  a,-symmeti 
ric.) 


tight-binding  calculation  wus  performed  for  an 
embedded  cluster  of  a  vacancy  and  throe  Ni  atoms 
(including  d-orbitals  on  Ni)  in  an  infinite  Si  host 
(8)  using  the  Si  tight-binding  model  of  ref.  (15). 
The  Si  dahgling-bond-like  level  is  found  at  0.4  _ 
The  d-orbiials  are  found  to  play  only  a  minor  role. 
Since  the  d-orbital  energies  lie  well  below  the 
Fermi  level,  they  tend  to  push  up  slightly  on  the  Si 
dangling  bond,  but  with  a  greatly  reduced  strength 
because  the  d-orbital  is  not  a  nearest  neighbor  to 
the  Jangling  bond  orbital  and  hence  interacts  with 
it  either  through  a  small  second-neighbor  interac¬ 
tion  or  indirectly  via  its  interactions  with  the  inter¬ 
vening  Si  atoms  surrounding  the  vacancy.  (The 
d-orbitals  were  taken  to  interact  only  with  nearest 
neighbors.)  More  sophisticated  calculations  for  an 
interface  between  semi-infit;ite  slabs  of  NiSi,  and 
Si  have  recently  been  completed  (17)  using  the 
transfer-matri.\  technique  (18).  The  tight-binding 
bands  of  NiSi,  have  been  fit  to  the  bulk  bands  of 
Chabal  et  al.  (19).  and  the  tight-binding  model  of 
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Vogl  et  al.  (20]  has  been  used  for  bulk  Si.  Here  the 
interfacial  vacancy  level  is  found  to  lie  at  0.13  eV. 
Although  the  two  calculations  give  slightly  differ¬ 
ent  results.  and  the  estimates  made  for  the  dan- 
gling-bond  energy  €/,  in  table  1  differ  by  -  0.3  eV. 
they  all  show  that  the  defect  “pinning"  level  lies  im 
the  lower  part  of  the.Si  bandgap.  Measuremepts 
for  a  Si  dangling  bond  quite  similar  to  the  one 
described  here  (21)  at  the  SiO,/Si  interface  show  a 
level  at  0.36  eV  (22).  .\s  mentioned  earlier,  the 
interfacial  Fermi-  le%'el  for.  the  .silicides  lie  ^ijp- 
proximatcly  in  the  range  0;23-0.55  eV. 

Conclusion.  The  pre.-iont  theory  is  manifestly 
based  oh  local  atomic  bonding  and  a  localized 
defect,  and  is  thus  compatible  with  the  experimen¬ 
tal  findings  (1.9.10)  that  the  observed  Schottky 
barriers  form  before  the  completion  of  a  comp  .ete 
.metallic  overlayer.  Since  in  this  moder  the  barriers 
are  determined  mainly  by  Si.  the  barrier  is:affected 
to  a  lesser  degree  by  the  nature  of  the  transition 
metal  atom,  stoichiometry,  or  crystal  structure  of 
the  silicide.  Furthermore,  since  the  dangling  bond 
IS  occupied  by  a  single  electron,  it  can  act  either  as 
a  donor  or  an  acceptor  -  this  leads  to  very  nearly 
the  same  pinning  position  for  both  n-  and  p-Si.  in 
agreement  with  the  measurements.  This  is  to  be 
contrasted  with  Schottky  barrier  formation  on 
III-V  semiconductors,  such  as  GaAs.  where  previ- 
ous  theoretical  studies  indicate  that  pinning  is 
often  due  to  surface  anti,site  defect  levels  (6)  which 
lead  to  different  Fermi-level  pinning  positions  for 
n-  and  p-type  semi  .■'nductors. 
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the  effects  of  diagonal  Anderson  disorder  and  of  nr.a.-state  interactions,  on  x-ra>- emission  and  photoe¬ 
mission  spectra  are  evaluated  in  a  change  of  mean-field  model,  the  disorder  produces  distinct' sideband 
features  on  the  x-ray  photoemission  spectra,  but  primarily  broadens  the  emission  spectra. 


1.  INTRODUCTION  ,, 

In  ah  effort  to  assess  the  combined  effects  of  disorder  and 
mahy-electron  processes  on  x-ray  emission  and  photoemis- 
sioh  spectra,  we  have  numerically  computed  ensemble- 
averaged  spectra  for  a  one-dimensiohal  Anderson  model'  of 
a  conduction  band  in  a  metal.  In  this  tight-binding  model,  a 
.§ill8!e,‘?J[t«gy  leyej  (having.. a,  rand^gm  value  bejween. 

-  £>/2  bnd  dti)  is  associated  with  each  site  n,  and  there  is 
a  constant  nearest-neighbor  coupling  /3  between  adjacent 
sites.  The  efficct  of  the  core  hole  on  the  conduction  elec-: 
trons  is  simulated  by  a  final-.state  (initial-state)  interaction  V 
localized  at  the  site  of  the  core  hole  for  phL.oemission 
(emission).  There  are  a  finite  number  of  sites,  ai.d  the 
rhany-bqdy  states  included  in  the  calculation  are  the  low- 
energy  particle-hole  pair  states  created  by  the  sudden 
switching  on  or  off  of  K  The  model  is  identical  to  one  em¬ 
ployed  earlier  for  a  discussion  of  absorption  spectra'  and  is 
a  change  of  meah-He'd  model. 

We  find  that  the  emission  spectra,  like  the  absorption 
spectra,'  are  primarily  broadened  inhomogeneousiy  by  the 
disorder,  but  that  distinct  spectral  (features  arise  in  the  x-ray 
photoeniission  spectra  (XPS)  associated  with  specific  en¬ 
vironments  of  the  core  hole. 


II.  MODEL 

For  x-ray  photoemission,  the  initial-state  many-electron 
Hamiltonian  is 

///-  i*/  . 

/-I 

where  hi  is  the  Anderson  one-body  Hamiltonian: 
fi  »  I +  1  )(/j  1  . 

/I 

Here,  /3  is  a  constant  and  a„  is  randomly  distributed 
between  ~D/2  and  D/2.  The  final-state  many-electron 
Hamiltonian  is 

.V 

/jr“  . 

i-l 

where  h/  is  identical  to  hi,  except  for  the  tight-binding  ma¬ 
trix  element  at  the  site  of  the  core  hole— which  has  an  addi¬ 


tional  electron-hole  interaction  term  V  <0,  The.initial  state 
|/)  is  a  slater  determinant  of  the"  lowest-energy  single¬ 
particle  orbital  eigenfunctions  U)  of  h,  and  the  various  final 
states  iFv)  are, determinants  of  N  eigenfunctibtts  li//)  of  h'. 
The.x-ray  photoemission  spectrum  for  photo.electrons  of  en¬ 
ergy  E  is 

V'- 

where  Ef,  and  £;  are  the  final-  and  initial-state  energies  of 
the  conduction  electron  gas  and  the  core-hole  energy 
relative  to  the  center  of  the  conduction  band. 

Similarly,  the  emission  spectrum  for  photons  of  energy  £ 
is 

¥' 

where  M  is  the  dipole  operator.  Here,  we  have  the  initial, 
state  1/)  being. a  determinant  of  A'  +  l  k'/)'s,  and  the  vari¬ 
ous  final  states  Ifv)  corresponding  to  configurations 
described  by  determinants  of  hi  Idl’s  a.id  one  core  orbital: 

di(R)  •  •  ■  i1ia-»i(R) 

(dv.ildi) 

(£»-lM|/).-A/o(<i-^.3l'ii)  .  • 

(d,..vldi)  •  •  '  (d»..vl'-''.v  +  !) 

Here,  (old)  is  a  scai-r  product.  R  the  core-hole  site,  and 
we  have  assumed  that  the  core  radius  is  negligible,'  so  that 
Mo  is  a  constant. 

We  have  the  sum  -les' 

r  «(£)</£ -,V/o'  Vle,,-(R)1'  . 

J-m  ^ 

where  the  sum  is  over  occupied  orbitals  of  the  initial  state, 
and* 

r  /(£)</£-!  . 

The  line  shapes  we  display  are  ensemble  averages  (ucnoi- 
ed  by  ((  )))  over  all  core-hole  sites  (typically  1000  such 
sites);  for  example. 

“((  2 i^>  I^A/o‘’8(£ -  £,  +  Ef,)))  . 
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III.  RESULTS 

Here,  we  display  spectra  for  I'  -  -  1,  and  with  ;3-  --J-- 
the  amount  of  disorder  is  specified  by  th.-  parameter p  frcr 
call  that  the  on-site  energies  a,  range  from  -D/2  to 
+  D/2).  The  calculations  have  been  executed  repeatedly 
for  a  single  spin^channel'*  and  for  finite  lattices  with  40  sites 
and  20  electrons,  (a  half-filled  band),  the  core  hole  has 
been  confined  ' to  one  of  the  10  innermost  sites.  We  have 
broadened  the  calculated  spectra  by  convolving  them  with  a 
Gaussian,^  for  ease  of  presentation.  Ensemble  averages  of 
the  spectra  over  typically  =10  core-hole  sites  for  each>  of 
=  100  different  Anderson  lattices  have  been  performed. 

The  peaked  bottom  portion  of  the  eihission  spectruih 
tFig.  1)  for  D  -0  is  a  band-structure  effect  and  corresponds 
to  the  band-minimum  van  Hove  singularity^  with  its 
(£-£o)“'^^  behavior  above  the  bund  bottom.  The  high- 
energy  peak  occurs  atithe  Fermi  energy  arid  is  ai  x-ray  edge 
singularity-— a  multielectfon  recoil  effect.  With  increasirig 
disorder  D,  the  van  Hove  singularity  is  broadenedi  blurred, 
and  cut  off,  and  the  edge  singularity  's  weakened  (as  in  the 
case  of  the  absorption  spectra*).  Basically,  increasirig  disor¬ 
der  makes  the  spectrum  sriiooth,  br9ad,  and  relatively 
featureless. 

The  XPS  spectrum  for  D-0  has  two  peaks:  a  large  one 
for-.recoil-involvingiconfiguratioris  with  an- electron-in 'the 
boiind-exciton  state  of  the  electron-hole  interaction  and  a 
smaller/  orie  for  configurations  involving  only  band  states 
(Fig.  2).  (the  separation  of  these  peaks  is  approximately 
the  energy  of  the  Fermi  level  relative  to  the  bound-exciton 
level.)  Small  disorder  blurs  this  spectrum^  until  in  the 
large-d|sbrder  limit  (see  Fig.  2  for  D-5)  the  site  of  the 
core  hole  is  completely  decoupled  from  other  site:..  In  this 
limit  there  are  three  types  of  transitions  (Fig.  3).  (i)  Zero- 
recoil  transitions  that  occur  if  the  Anderson  level  on  the 
core-hole  site  lies  above  the  Fermi  energy  by  more  than 
\V\.  In  this  case,  the  electron  gas  cannot  recoil  because  the 
site  is-isolated  and  the  electron-hole  interaction  cannot  pull 
the  empty  Anderson  level  below  the  Fefriii  energy.  Hence, 
the  XPS  spectrum  in  this  limit  produces  a  peak  at 
£-Aa»-€cort— 0.  (ii)  F-recoil  transitions  in  which  single¬ 
particle  Anderson  states  on  the  core-hole  are  initially  occu¬ 
pied  and  move  down  in  energy  by  |F|,  the  strength  of  the 


FIG.  1.  X-ray  emission  spectra  X  as  a  function  of  the  emitted  x- 
ray  energy  E  for  vatious  disorder  parameters  D.  The  solid  line  is 
for  D-0,  the  dashed  line  for  D-0.2,  the  dotted  line  for  0-1, 
and  the  chained  line  for  £  -  5. 


FIG  2.  X^ray  photoernission  spectra  (XPS)  as  a  function  of  the 
emitted  electron  energy  E  for  various  disorder  parameters,  as  in 
Fig.  1. 


e|ectr6n-hole  intefac;.  n.  This  produces  a  peak  at  E-Ktu 
•~<coie=  i  I'  l-  (iii)  li.termediate  transitions,  corresponding 
to  an  etripty  level  above  the  Fermi  level,  but  within  I  k-I  of 
it,  being  «ijlled  dovsn  below  the  Fermi  level  by  the 
electron-hou-  interktir:;.  These  trarisitioris  produce  recoil 
of  the  electron  gas  ai  energy  a  -  |F|.  where„a..is.t_he-diagq- 
rial:A'rideTs^6t;  energy  on  the’ core-hole  site. 

The  largei  (smaller)  peak-for  D-1  ir  Fig.,2  corresponds 
to  configurations  with  an  electron  (nc  electron);  occupying 
the  cote-hole-site  one-electron  level  that  lies  below  the  Fer¬ 
mi  level  in  the  final  state.  Perhaps  the  riiost  interesting  case 
is -the  highly  localized  limit  (D”^«),  tn  which  case  the 
XPS  spectrum  provides  informatio--  giving  (i)  the  strength 
|i'|  of  the  electron-hole  interaction  (which  is  the  splitting 
between  peaks),  and  an  estirriate  of  the  number  of  states  in¬ 
itially  below-and  above  the  Fermi  energy  (the  .ireas  in  the 
peaks  at  £  -F «cor»-  F arid  +  eemc,  respectively). 

Thus,  we  conclude  that  PS  spectra  iriay;be  more  sensi¬ 
tive  to  Anderson  disorder  than  either  absorption  or  emis¬ 
sion  spectra.  Ordinary  diagonal  At..derscri  disorder  corre¬ 
sponds  to  randomness  in  the  on-sile  riia.rix  elements  q„, 
and  is  not  a  realistic  represeniaii-in  of  the  disorder  occurring; 
in  amorphous  metals.  (Such  disorder  is  better  represented 
by  randomness  in  0.)  Perhap.':  the  best  physical  realization- 
of  an  Anderson. alloy  is  a  multicotriponent  crystalline  alloy, 
with  the  numb'Cr  of  components  sufficiently  large  that  a 
broad  distribution  of  values  fo.  u„  is  achieved.  We  hope 
’.i.at  the  present  work  will  stimulate  studies  of  such  alloys. 

The  results  of  the  present  initial  investigation  are  suffi- 

D/2 - 


Zero-recoil 


FIG.  3.  Energy-level  diagram  for  the  condi  on  band,  indicating 
the  three  regions:  zero  recoil,  I  recoil,  and  intermediate  appropri¬ 
ate  to  the  large-disorder  limit,  D  —  E„,„  and  are  the  band 

extrema  and  £Fe,n,i  is  the  Fermi  energy  fur  the  half-filled  band,  ( 
the  electron-hole  interaction. 
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ciently/ihteresting  that  the  authors  have  undertakeh  calcula¬ 
tions  of'.the  combined  effects  of  muUidectron  recoil  aiid  (i) 
dfCrdiagonal  Andersdh  disorder,  and  (ii)  binary  and  ternary 
ci7staHirieiailoy  disorder.  The  conclusions  of  those  studies 
will  be. reported  soon. 
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Abstract— The  combined  effects  of  off-diagonal  disorder  and  electron-hole  pair  production  (the  X-ray 
edge  effect)  ate  studied  for  a  one-dimensional  Ander^n  model  of  a  liquid  metal  with  a  half-full  band. 


1.  INTRODUCTION 

In  this  paper  we  report  mode!  calculations  of  the  X- 
ray  absorption,  emission,  and  photoemission  spectra 
of  a  simple  model  for  lit^uid  metals.  The  model  treats 
the  many-body  aspects  of  the  X-ray  transitions  in  a 
change-of-mean-lteld  approximation  [1,  2],  while 
simulating  the  disorder  of  the  liquid  by  a  one¬ 
dimensional  Andenon  Hamiltonian  with  off-diagonal 
disorder  [3],  We  are  interested  in  understanding  the 
combined  effects  of  m:>Ui-electron  recoil  and  disorder 
on  the  spectra.  A  previous  study  [4],  which  considered 
only  diagonal  disorder,  found  dramatic  efects  on  the 
X-ray  iineshapes.  However,  this  finding  appears  to 
be  at  odds  with  the  experimenul  fact  that  X-ray 
spectra  of  metals  change  very  little  when  the  metals 
melt  (S],  While  diagonal  disorder  is  more  commonly 
treated  theoretically,  it  is  realized  physically  only  in 
alloys  made  of  many  different  types  of  atoms.  The 
disorder  found  in  a  liquid  metal  is  best  simulated  by 
an  off-diagonal-disordered  tight-binding  model;  the 
diagonal  elements  of  the  Hamiltonian  are  all  the 
same  (because  the  atoms  ere  the  same)  but  the  off- 
diagonal  matrix  elements  vary— because  the  bend- 
lengths  vary  (6], 

2.  THEORV 

Here  we  consider  the  case  of  X-ray  photoemission 
spectra  (XPS).  The  treatment  of  absorption  (41  and 
emission  (7]  is  similar.  The  XPS  lineshape  is 

HE)  *  I  I</|/-v>|26(£  -  /)«  -  +  Ey,  -£,)(!) 


where  hu  is  the  energy  of  the  exciting  photon. 
is  the  core  energy  level,  and  the  sum  is  over  all  final 
states  l£v>  of  the  A'-electron  Fermi  sea.  In  the  initial 
state  i/),  the  Fermi  sea  is  quiescent  and  described  by 
the  tight-binding  Hamiltonian 

///  »  2  A,  (2) 


where  h  is  the  Anderson  single-particle  Hamiltonian 

z'^ijiu+ixyi  +  iyxy+n]  o) 

and  IJ)  is  a  localized  single-particle  state  on  the  yth 
site.  The  {fij)  are  random  numbers  uniformly  dis¬ 
tributed  in  the  interval  [-/I,  -B|:  M  is  the  number 
of  lattice  sites  in  the  system. 

The  hnal-sute  Hamiltonian  is 

Hy-Zihi  +  v,)  (4) 

l»l 

where  v  is  the  electron-hole  interaction  potential 
suddenly  impressed  upon  the  electron  gikv  by  the 
removal  (to  pseudo-infinite  energy)  of  a  core  electron. 
We  assume  that  v  is  localized  at  the  /th  site 

V  -  vm.  (5) 

The  initial-  and  final-state  Hamiltonians  are  both 
sums  of  one-electron  Hamiltonians,  and  so  the  wave- 
functions  |/)  and  iFv)  are  Slater  determinants  of  the 
single-partic!<9  eigensutes  i^)  and  1^)  of  /t  and  A  -f  u, 
respectively.  The  initial-state  energy  of  the  electron 
gas  is 

ft 

£/  -  2 (6) 

where  the  sum  is  over  the  /V  single-particle  spin- 
orbitals  y  occupied  in  the  initial  sute,  and  we  have 

M<>,) «  tjld,,).  (7) 

The  final-state  energies  are 

Ey.  =»  2  t'.j  (S) 
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Fig.  1.  The  X>ray  photoemission  spectra  as  a  function  of 
the  photoelectron's  energy-  E.  The  solid  line  represenu  the 
calculated  spectrum  for  d  >  - 1/2.  a  consunt  The  range  of 
3  is  (-1/4,  -3/4)  for  the  dashed  line  and  (0.  -I)  Spr  the 
dotted  line.  The  photon  energy  is  Aw  and  the  cote  elktron 
energy  is  ««,.  The  clce;ro'-,*hole  interwnion  strength  is 

r-  -1. 


where  we  have 

{h  +  vM,.,)  »  (9) 

and  the  vth  final  state  is  the  configuration  {v,  I;  v, 
2*  •  V,  N).  Spin  can  be  neglected,  because  the 
recoil  profiles  1(E)  for  each  spin  channel  are  indepen* 
dent  and  produce  the  total  recoil  profile  when  con* 
volved  with  one  another  [1].  The  matrix  element 
</|fi'>  is 


</|/V>  ■ 


(diliA,.!)  (Oili/',.:) ' 


'  (0ill^'.jv)  I 
’  (djW...  )  i 


.  (10) 


The  calculations  of  1(E)  proceed  as  follows:  (i)  using 
a  random  number  generator,  the  set  {/Jr  * 
and  the  Hamiltonian  h  (eqn  (3i>  are  generated  for  M 
-  40  sites;  (ii)  the  eigenvalues  i  and  eigenvectors  Id) 
are  obtained  by  direct  diagonaliution  of  Ir,  (iii)  the 
core  hole  site  /  is  specified  and  />  +  u  is  diagonalized, 
generating  eigenvalues  c'  and  sutes  Id):  (iv)  various 
configurations  (v,  1;  i»,  2: . . . :  v.  A'}  o: .'  electrons 
are  generated  for  the  various  final  states,  starting  with 
the  penurbed  ground  state  'i  :.  the  ground  state  of 
the  electron  gas  in  the  presence  of  the  hole  or  v)  and 
its  low*|ying  excitations:  (\'  the  excitation  energies 
Ef-,  -  El  and  matrix  elements  (I\Fv)  are  calculated 
explicitly:  (vi)  the  XPS  spectrum  1(E)  is  then  evaluated 
(for  a  finitt  <:em  of  electroits.  it  is  a  series  of  delta 
functions)  wi.u  broadened  to  appear  continuoust; 
(vii)  this  procedure  is  repeated  for  higher  energy  final 
sutes  until  the  sum  rule 

£  /(£)d£-l  (11) 

is  adequately  exhauste'l:  (viii)  this  procedure  is  re* 
peated  for  new  core  hole  sites  /  (restricted  to  one  of 

+  The  broadening  function  is  (2rr’)'''*  exp(-.\‘/'r‘). 
with  r  ■  0.08. 


Fig.  2.  The  absorption  lineshape  as  a  function  of  the 
absorbed  X-ray's  energy  £.  The  solid  line  is  for  3  fixed  at 
-1/2.  The  range  of  3  is  (-3/4.  -1/4)  for  the  dashed  line 
and  (-1.  0)  for  the  dotted  line.  Note  the  X*ray  cd$e 

singularity  (for  d  ■  -1/2)  at  the  left  of  the  spectrum. 

the  ten  central  sites  of  the  lattice)  and  an  average  of 
1(E)  is  performed;  and  (ix)  the  entire  procedure  is 
repeated  for  new  random  lattices  {f3|  •  •  and 
an  ensemble  average  of  1(E)  is  uken.  Con\>;rgence 
studies  have  shown  that  adequate  convergence  to 
identify  all  the  major  physical  features  of  the  spectra 
occurs  for  N  20  electrons.  \f  st  40  lattice  sites, 
and  aKX)  choices  of  {/S|*  •  'dM-i}  (4).  A  similar 
scheme  is  used  for  calculating  absorption  and  emission 
spectral  lineshapes  x(E)’ 

3.  RESULTS 

Our  calculated  results  for  the  XPS.  absorption, 
and  emission  lineshapes  are  shown  in  Figs.  1-3. 
respectively.  Taking  units  such  that  the  electron-hol 
interaction  is  K  ■  -1,  we  consider,  for  each  type  of 
spectrum,  three  cases:  (i)f3 «  -1/2.  which  corresponds 
to  an  ordered  one-dimensional  lattice:  (ii)  /9  randomly 
distributed  from  -1/4  to  -3/4  (moderate  disorder), 
and  (iii)  0  distributed  in  the  interval  [-1.  0).  This 
last  case  corresponds  to  extreme  disorder,  in  that  0 
■  0  corresponds  to  a  completely  broken  bond— 
which,  in  one-dimension,  completely  disrupts  the 
electronic  wavefunction. 

In  studying  the  X-ray  spectra,  one  should  keep  in 
mind  the  corresponding  densities  of  one-electron 


-1.5  0.0 

(E>€c,r.)/2|/3l 

Rg.  5.  The  •■•mission  lin.-shape  x<£)  as  •  function  of  the 
emitted  N-ra>‘s  energy  E.  The  solid  line  is  for  d  fixed  at 
-1/2.  The  range  of  o'  is  |-3/4.  -1/4)  for  the  dashed  line 
and  (-1.  0)  for  the  dotted  line. 
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Fig.  4.  Broadeneilt  one-electron  densities  of  states  D{t)  vs 
energy  «  for  d  '  -1/2  (solid)  and  for  the  off-diagonaily 
disordered.  IO.(X)0-atom.  one-dimensional  Anderson  mode! 
with  modest  disorder  ^«(-3/4,  -1/4)  (dashed)  and  extreme 
disorder  5((-l,  0)  (dott^).  Any  asymmetry  with  respect  to 
(  ■  0  is  assodated  with  numeric^  noise.  Note  the  appearance 
of  a  peak  at  e  >  0.  associated  with  delocalized  states,  for 
extreme  disorder:  all  other  sutes  are  localized. 

states.  Fig.  4,  which  exhibit  first  an  amputation  of 
the  van  Hove  singularities  [8]  for  moderate  disorder 
(/3<(“3/4.  -1/4]).  followed  by  a  general  flattening 
and  the  appearance  (for  0])  of  a  peak  at  <  >  0 
corresponding  to  delocalized  states  at  the  band  center. 
These  delocalized  states  are  important,  especially  in 
X-ray  absorption  and  emission  spectra,  because  they 
overlap  the  core-hole  site,  whereas  most  of  the  other 
states  do  not.  To  be  sure,  the  overlap  of  a  delocalized 
state  with  a  core  hole  is  not  so  large  as  that  for  a 
state  localized  on  or  near  the  core-hole  site,  but  once 
thorough  localization  has  set  in  for  i  ^  0.  the  localized 
states  significantly  overlap  only  nearby  sites— and 
much  of  the  interesting  physics  involves  only  the 
core-hole  site,  its  immediate  neighbors,  and  the  de¬ 
localized  states. 

The  XPS  spectrum  is  asymmetric  [9]  and  blurred 
by  disorder,  which  broadens  the  distribution  of  ener¬ 
gies  at  which  the  electron  gas  can  recoil  in  response 
to  the  shock  associ  ated  with  the  sudden  creation  of 
the  core  hole.  For  zero  disorder,  the  XPS  spectrum 
exhibits  two  peaks:  a  large  one  corresponding  to  low- 
energy  e.xcitations  of  the  conduction-electron  Fermi 
sea  in  which  the  bound  state  due  to  the  electron-hole 
interaction  remains  full,  and  a  small  one  correspond- 
it.g  to  an  excited  Fermi  sea  with  no  electron  in  the 
bound-state  orbital. 

With  n.  -derate  disorder.  <J<(-l/4.  -3/4).  the  XPS 
spectrum  i.^  blurred.  For  extreme  disorder.  /3t(- 1. 0). 
localization  is  apparent  for  all  states  except  tin-.se  at 
the  Fermi  energy.  (See  the  density  of  sutes.  which 
features  a  peak  at  the  Fermi  energy  t  *  0  associated 
with  these  states.  Fig.  4.)  In  the  localized  limit,  a 
recoilless  peak  appears  in  the  XPS  spectrum,  at  £ 

■  h-  +  ((on<  where  <jo„  is  the  energy  of  the  core 
electron.  Perhaps  such  a  peak  can  be  detected  ii, 
heavily  disordeied  metals. 

The  absorption  spectrum  for  zero  disorder.  S 

■  -1/2.  has  an  X-ray  edge  singularity  (10)  at  the 
low-energy  threshold  and  cuts  off  somewhat  at  high 
energy,  due  to  the  conduction-band  maximum.  This 
general  lineshape  persists  even  for  quite  considerable 


disorder.  /3t[- 1/4.  -3/4].  until  for  very  large  disorder. 
)J<(0.  -I].  structures  associated  with  states  localized 
in  the  disorder  appear.  (See  Fig.  2.) 

The  emission  spectrum  for  zero  disorder.  0 
®  -1/2,  has  two  characteristic  peaks,  one  at  low 
energy  .associated  with  the  van  Hove  singularity  in 
the  band  structure  [8]  and  a  second  one  corresponding 
to  a  divergent  X-ray  edge  singularity  [10.  1 1]  at  the 
Fermi  surface  (Fig.  3).  The  densities  of  states  are 
given,  for  reference,  in  Fig.  4.  Recall  that  the  con¬ 
duction  band  is  half-full  of  electrons. 

With  increasing  disorder  /3«(--3/4.  -l/-t]  the  van 
Hove  singulari".  '  •<  the  emission  spectrum  is  blurred, 
but  the  edge  sin^ .  ntv  remains.  However,  at  ex¬ 
tremely  strong  disoro  .'-.e  sutes  not  at  the  band 
.1  center  become  localizeu  the  density  of  states. 
Fig.  4)  and  the  emission  spec,,  um  has  a  major  peak 
associated  with  the  d.-!, realized  Fe.'mi-surface  electrons 
(whose  wavefunctions  overlap  the  core  hole  signifi¬ 
cantly)  plus  additional  structure  associated  with  lo¬ 
calization. 

In  summary,  off-diagonal  disorder  does  lead  to 
localization  of  the  one-electron  sutes  and  to  alteration 
of  the  X-ray  spectra  from  those  expected  for  ordered 
metals.  In  panicuiar.  both  one-electron  features  (such 
as  van  Hove  singularities)  and  many-electron  features 
(such  as  the  X-ray  edge  singularity)  are  affected. 
However,  the  disorder  effects  are  modest  even  for 
considerable  disorder.  ^e(-3/4.  -1/4],  and  do  not 
lead  to  mttjor  new  features  until  the  disorder  is  so 
great,  ^<(-1.  0],  that  bonds  are  rather  effectively  and 
irreversibly  broken. 

Thus  we  believe  that  these  calculations,  although 
executed  for  a  simplified  one-dimensional  Anderson 
model  of  off-diagonal  disorder,  provide  a  modicum 
of  theoretical  justification  for  the  fact  that  X-ray 
spectra  of  liquid  metals  are  oflen  simila,-  to  those  of 
crysuls.  At  the  same  time  the  calculations  suggest 
that  XPS  experiments  should  search  for  the  recoilless 
peak  found  in  the  theory,  for  the  limit  of  high 
localization. 
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We  present  calculations  of  the  surface  electronic  state  dispersion  curves  £  (J )  of  the  ( 100)  (2  X 1 ) 
reconstructed  surface  of  Ge,  and  compare  them  with  recent  angle-resolved  photoelectron 
measurements  by  Nelson  et  al.  We  assumed  Chadi’s  asymmetric  dimer  model  of  the  surface 
reconstruction  and  performed  our  calculations  using  the  analytic  Green’s  function  technique, 
with  an  empirical  tight-binding  Hamiltonian. 

PACS  numbers:  73.20,Cw,  79.60.Eq 


Recently,  some  success  was  achieved  in  characterizing  the 
geometry  of  the  (2X1)  reconstructed  (100)  surface  of  silicon: 
Using  an  energy  minimization  technique  Chadi '  determined 
that  an  asymmetric  dimer.  Fig.  I ,  was  the  most  energetically 
favorable  model  of  the  surface  geometry,  and  predicted  its 
surface  state  dispersion  relations  £  (£ ).  However,  Hinipsel  et 
al}  and  Uhrberg  et  al.^  produced  angle-resolved  photoemis¬ 
sion  spectra  in  disagreement  with  these  first  predictions  of 
Chadi,'  \shich  had  been  made  assuming  the  asymmetric 
dimer  geometry  and  using  a  simple  sp^  tight-binding  model 
of  the  surface  electronic  structure.  For  a  while  it  was  be¬ 
lieved  that  the  asymmetric  dimer  model  is  not  realized  phy¬ 
sically.  However,  Bowen  et  al,,*  using  the  sp^s*  model  of 
VogI  et  al„^  and  Mazur  et  al„^  using  a  multineighbor  tight- 
binding  model,  subsequently  demonstrated  that  the  asym¬ 
metric  dimer  (2x1)  reconstruction  is  compatible  with  the 
photoemission  data,  and  attributed  the  original  failure  of  the 
theory  to  the  oversimplified  sp^  model  of  the  electronic 
structure  rather  than  to  any  deficiency  in  the  asymmetric 
dimer  geometry  itself. 

Recently,  Nelson  et  al,'’  used  angle-resolved  photoemis¬ 
sion  to  obtain  the  electronic  structure  of  the  (2x1)  recon¬ 
structed*  (100)  surface  of  germanium.  Their  analysis  of  the 
data  led  them  to  suggest  that  the  reconstruction  of  the  Ge 
surface  is  simitar  to  that  of  St,  i.e.,  an  asymmetric  dimer. 
There  are,  however,  no  calculations  of  the  surface  state  dis¬ 
persion  relations  £  (it )  for  Ge  comparable  with  those  for  Si. 
Thus,  we  have  extended  the  theory  of  surface  states  to  Ge, 
assuming  the  same  asymmetric  dimer  reconstruction  ai  for 
Si. 

We  used  the  sph*  tight-binding  Hamiltonian  of  Vogl.^ 
The  surface  states  were  found  by  diagonalizing  an  effective 
Hamiltonian  which  was  obtained  by  using  the  analytic 
Green’s  function  technique'  and  an  evanescent  wave  meth¬ 
od.''  We  created  a  surface  by  orbital  removal,"  and  ac¬ 
counted  for  the  effects  on  the  Hantiltonian  of  the  reconstruc¬ 
tion-related  bond-length  changes  by  rescaling  the 
nearest-neighbor  interatomic  matrix  elemenis  accoiding  to 
the  d  law,'^'"  where  d  is  the  bond  length. 

In  comparing  with  the  experimental  results,  i.  is  neces:  ..ry 
to  realize  that  the  Ge(  100)  (2  X  1 )  surface  consists  of  domains 
of  reconstru.  ’ion  in  which  the  rectangular  unit  cells  are  ori¬ 
ented  perpendicular  to  each  other’  (see  Fig.  2).  Therefore, 
there  is  some  ambiguity  in  determining  the  surface  wave  vec¬ 
tor  for  each  experimentally  determined  state.  Himpsel  et  air 


circumvented  this  problem  when  investigating  Si  by  ro;ating 
their  cample  in  a  plane  in  which  the  two  domains  were  de¬ 
generate,  thereby  avoiding  any  ambiguity.  Nelson  et  al,''  also 
rotated  their  sample,  but  in  such  a  way  that  the  resulting 
spectra  do  not  correspond  to  a  unique  determination  of  the 
Brillcuin  zone. 

Our  results  are  displayed  in  Fig^  3,  and  are  labeled  “A" 
through  “F’  for  the  path  £  to  J  tc  T  ir  one  surface  Brillouin 
zone  (Fig.  2)  and  “1"  through  “f  '  .*br  the  path  £  to/'  in  the 
other  Brillouin  zone.  The  predicted  surface  states,  as  dis¬ 
played,  are  shifted  down  in  energy  by  0.5  eV  (a  typical  theo¬ 
retical  uncertainty)  from  their  calculated  va'ues:  Studies  of 
Si  indicate'*  that  the  Vogl  tight-binding  Hamiltonian  pro¬ 
duces  surface  swtes  of  this  group-I  V  semiconductor  too  high 
by  a:0.5  eV,  but  otherwise  provides  a  good  semiquantitative 
description  ofthe  surface-state  bands  £  [k  ).  (It  is  possible  that 
a  more  sophisticated'*  theory  could  reduc'  this  0.5  eV  un¬ 
certainty  somewhat.) 

The  Ge  data  of  Nelson  et  al}  are  also  g:  -en  in  Fig.  3.  As 


[Iio]  [MO] 


Fio.  1.  The  12  X 1)  »symmeme  dimtr  rKonstniction  of  Si  proposed  by 
Chadi  I  Ref.  II.  In  (reaiing  Ge.  we  have  rescaled  all  lengths  in  proportion  to 
2.45A  'l.y  k,  the  ratio  of  Ge  to  Si  bond  lengths.  The  arrows  indicate  the 
relaxati  .n  of  the  s'ltface  layer  atoms  from  their  ideal  bulk  positions  to  their 
reconstructed  positions.  The  plane  of  the  figure  is  perpendicular  to  the  sur¬ 
face.  t'P  I  and  DOWN  I  are  surface  aioms.  UP  I  being  displaced  away  from 
bulk  and  DOWN  1  toward  the  h  .'k.  UP  2  and  DOWN  2  are  subsurface 
atoms  bonded  to  UP  I  and  f'  'W'N  l.respectivcly.andareassumedtobein 
their  bulk  positions.  Fur  Si  they  are  1.92  K,  above  the  plane  of  the  paper.  If 
one  were  to  build  a  ball  and  stick  model  oftnis  Si  surf.<  e  these  sites  would  he 
repeated  eveo'  3.84  A  in  a  direction  perpendicular  to  me  plane  of  the  paper. 
In  the  [  1 10]  direction  the  surf.ice  layer  atoms  alternate  between  UP  and 
1 A  S  I,  thus  only  half  the  surface  unit  cell  is  shown  here. 
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Fig.  2.  The  two  perpendicular  Brillouin  zones  on  the  (100)  (3X  t|  recon¬ 
structed  surface,  as  discussed  in  Ref.  7. 


can  be  seen  by  their  relative  positions  to  the  projected  bulk 
states,  all  of  the  photoemission  data  are  resonant  with  the 
valence  band,jsxcept  perhaps  one  point  at  the  valence  band 
maximum  at  J.  The  following  features  of  the  data  appear  to 
be  adequately  explained  by  the  theory: The  five  high- 
energy  points  are  associate  with  the  resonance  labeled  F 

eV 


Fio.  3.'.'hectlcul«tedsurfacesta:-cner|ies£  (ineV)vssurftce  wave  vector 
I.  (The  stztes  are  shifted  downward  by  the  theoretreal  unceruinty,  O.S  eV, 
as  discussed  in  the  text.)  Weak  hybridizations  at  level  cros.sings  are  neglect¬ 
ed.  The  theory  for  the  two  perpendicular  domains  is  superimposed  for  com¬ 
parison  with  the  photoemission  data.  The  T  \oJ'  stales  are  shown  as 
chained  lines  and  are  numbered.  The  I'  to7  to  f"  states  are  shown  as  solid 
lines  and  are  lettered.  The  latter  set  of  curves  is  symmetric  about  7.  The 
isolated  points  w:'h  the  error  bars  are  the  photoemission  data  of  Nelson  er 
al.  (Ref.  7).  The  ma-timum  energy  of  the  lunshifted)  projected  bulk  valence 
band  Hge  is  displayed  as  a  dashed  line  for  reference  purposes.  (Ail  states 
below  this  line  in  the  figure  are  resonant  with  buik  states.) 


(which  is  degenerate  with  6  at  T* ).  The  lowest-energy  point  is 
assigned  to  S,  O,  or  E.  The  ten  mid-energy  points  are  asso¬ 
ciated  with  resonance  6  and  perhaps  somewhat  with  E.  The 
remaining  point,  at  F,  is  associated  with  either  F.  and  3  or  D 
and  S  (see  Mow). 

We  have  also  determined  the  eigenvectors  and  charge  den¬ 
sities  for  each  of  the  resonances.  For  the  most  part,  in  those 
regions  of  the  Brillouin  zone  for  w^-^h  experimental  data 
were  obtained,  the  charge  distribution  is  centered  primarily 
on  the  “UP  1"  site  (see  Fig.  1 ).  Resonances  F  and  6  are  pri¬ 
marily  UP  1  everywhere  in  the  U  .illouin  zone.  The  charge  on 
E  is  mostly  on  the  UP  2  site  a:  Tbut  shifts  to  (he  UP  1  site 
after  crossing  the  D  resonance.  D  is  largely  U?  1  everywhere 
except  near  its  minimum  energy  where  it  is  mostly  “DOWN 
2.”  5  is  primarily  UP  1  near  F  and  shifts  to  DOWN  2  about 
one-third  of  the  way  across  the  zone.  3  is  mostly  UP  2  in 
character  throughout  the  region  for  which  angle  resolved 
photoemission  spectra  were  obtained,  shifting  to  predomin¬ 
antly  UP  land  other  character  below  -  1.7 eV.  1,2,4,A,B, 
and  C  have  significant  charge  un  all  four  sites  UP  1,  UP  2, 
DOWN  1 ,  and  DOWN  2,  with  the  relative  imponance  of  the 
various  sites  changing  with  k. 

These  results  lead  us  to  suspect  that  the  resonance  ob¬ 
served  at  —  1.3  eV  for  F  is  due  to  the  D  or  5  resonances 
rather  than  E  or  3,  since  their  charge  lies  primarily  on  the 
surface,  whereas  the  charge  for  E  and  3  is  on  the  subsurface 
layer.  If  this  is  so,  then  all  the  observed  data  can  be  associated 
with  layer- 1  surface  resonances  such  that  the  charge  is  con¬ 
centrated  on  the  UP  1  site  (which  is  farthest  from  the  bulk 
and  therefore  is  most  easily  observed). 

Nelson  et  ol'  gave  a  qualiutive  interpretation  of  their 
photoemission  data  that  is  similar  to  j>urs;  however,  they 
attributed  the  two  bottom  states  near  F  as  arising  from  the 
same  resonance,  whereas  we  find  each  arising  from  separate 
resonances.  Both  they  and  we  agree  that  the  ph'^tc  emission 
data  come  primarily  from  two  resonances  passing  through 
the  zone,  but  our  work  indicates  that  these  resonances  are 
from  differently  oriented  domains.  Moreover,  we  predict 
other,  perhaps  weaker,  resonances,  as  shown  in  Fig.  3. 

The  dispersion  in  our  curve.s  is  qualiutively  lonsistem 
with  the  pbotoemission  data,  but  the  gap  near  6,  E,  and  F  at/ 
is  too  small  by  a  factor  of  2.  Given  the  simplicity  of  the 
model,  this  is  adequate  but  not  absolutely  conclusive  agree¬ 
ment  between  the  'k-'ory  and  the  data.  However,  we  plan  to 
explore  the  sensitivity  of  this  gap  to  the  amount  of  symme¬ 
tric  dimer  relaxation,  in  the  hope  that  i:  can  be  used,  in  con¬ 
junction  with  experiments  and  total  energy*  calculations,  to 
determine  precisely  the  surface  geometry  of  the  Ge  (100) 
(2  X 1)  surface.'^ 

In  conclusion  our  res'ilts  lend  support  to  'hr  hypothesis 
that  the  (2X1)  reconstructed  ( 1 00)  surface  of  germanium  has 
the  asymmetric  dirnei  geometry,  with  relaxation  roughly 
comparable  with  that  of  Si. 
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1.  -  lotroducliou. 

Ill  tln'sf  WM  (nitliiH*  11  siiiiiil<*  tlieory  oi  elcrtronic  ,st!it«‘s 

ussociiitvil  witli  lofiilixed  pvi'ti  i-titirioiis  in  souii(‘OU(hu-roi'.s.  Tin*  banic  problem 
we  eonsifler  is  llie  •  deep-leveJ  problem »,  namely  pwilietiii/r  tlie  jioinr-defoct 
eiieriry  levels  lliat  lie  near  tii**  middle  of  tlie  band  jr.ip  of  a  semieondnetor. 
^Vllen  we  bewail  work  on  this  problem.  ;i  deep  level  was  deiined  a.>i  a  level  tliat 
wa.s  not  .shallow,  namely  one  more  than  0.1  eV  from  the  neare.st  band  edjL'e — a 
level  that  could  not  be  thermally  ionized  at  room  temperature.  (That  definition 
ha.s  .since  been  res*i.sed:  sec  below.)  Our  own  interest  in  the  deep-level  problem 
re.sulted  from  data  of  IVolford  and  i^treetman  for  the  iT  impurity  in  GaA.s,_,r, 
alloys  [1].  This  impurity  appeared  to  be  .shallow  in  GaP.  having  a  binding 
energy  of  only  tz  11  meV,  even  .smaller  tliai:  the  33  meV  eiTeerive-ma.ss  theoiy 
binding  onvrgj’  of  the  shallow  donors  S  and  Se.  However,  it  b<*came  a  genuine 
deep  level  in  tlic  alloy  for  x  Si  n.e  and  merged  into  the  conduction  band  n.s  a 
resonance  for  x<  0.22  (see  fig.  1  [2, 3]).  Thus  the  impurity  level  wa.s  appar- 
ciit  y  slialluw  (for  .r  *»  1),  deep  (for  x  2: 1.1.3)  .and  no  level  at  all  (for  x<  0.22) 
as  one  varied  alloy  composition  x  continuously  from  Cal’  (.r  =s  i)  to  GaAs 
(a: »  0). 

I'J.  (/a.4.s, -  The  alloy  host  GaAs,_,l*^  has  a  band  siracturc  tla.l  is 
well  dv.-aTibed  by  tli**  vi'*tiial-crystal  ajiju'o.ximatioii  [  IJ  aiKl  varies  eoiifiimousiy 
from  tlie  direet-ga])  ban  I  si  met  are  of  GaAs  (with  t  he  eunduetion  band  minimum 
at  /*=  (0,0.0)  in  tJie  UWlloiiin  zone)  10  tlie  indirect -gap  .structure  of  Gal’ 
(with  the  coiidueliou  band  minimum  m-ar  the  .V-point:  (2.‘r;‘«4)(l.  o.  0))  (.sec 
lig.  2).  The  band  .gap  of  GaAs  is  in  tlie  infra-red.  I’uiv  G;vAs  woiil.l  emit  sueli 
hglit  beuau.se  the  band  gap  is  direet,  and  Tlie  magnitude  of  the  laoiiientm.i  of 
a  tluM'inalizi'd  ideetron-lioi-  pair,  ‘/r,  —  A*. '  can  bo  cfiual  to  that  of  the  einitn-d 
plioioii,  2.7  z.  wliieii  is  e.>,.eiit ially  zero  on  the  scale  of  the  lirilloiun  zone.  Jn 
eoiilrasi.  Gal’  has  an  iiidireei-gap  band  .>lniefure,  and  .so  a  *. lewmalized  con- 
duel  ion  eJeetron  lias  a  signilleaiilly  dilTei-nt  wave  veeior  from  a  Iheriiailizeil 
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Fig.  1.  -  IlluMriUjon  of  the  dependence.'  ol  ehallo'n*  and  deep  injpurity  levels  on  alloy 
composition  x  in  GaA-s,.,!',  allow,  iiftcr  ref.  [2,  31.  The  zero  of  etiergy  is  the 
Valence  hand  inaNiiiniui.  Tie*  direct  ecnductiuii  hand  edge  is  F)  and  the  indirect  edge 
is  Xi.  The  X  and  0  deep  levels  are  denoted  hy  «ilid  lines.  The  shallov  levels  of 
(or  Sc)  .are  denoted  hy  (htshed  lines.  Xole  that  the  direct-indirect  cross-over  occtir.< 
for  X  2;  0.43  and  tlmt  the  slwllotv-levol  hindiiig  energy  is  larger  in  indirect  inaicriai 
(hectttise  the  cifv.-ive  mass  is  larger). 


hole.  Heiico  ptir.?  GaP  csiituot  craiT  light  even  though  its  baud  gap  i.s  in  the 
green — ^a  highly  visible  pn.rt  of  the  .spectrum.  The  alloy  ]ia.t  become,  tcelnio- 
logically  imvortant,  beeau.<e,  for  x  zx  O.J,  the  band  gap  lif.-!  in  the  vi.sible 
(red:,  but  the  band  structure  i.s  stiil  ilirect — tlii.s  mtiierial  hs  employed 
in  red  light-omitting  diodes  (LKD.<'. 


1  2.  C'lhoiiv  h  site  III, I  I'l'IlirM  X.  i ).  S  iiikI  .Se  ill  fla. -is, —  To  fabl'ieate 
a  liglit-eiiiilt ing  diode  tiiat  emits  iii  the  yellow  or  the  grt"'ji  frojii  these  alleys, 
one  Meeds  !i  soUfee  or  sink  of  epystal  iiniiiieiitum.  K -.r  fJ.-r  1 .  li.  il),  so  that 
the  .selection  rule  —  /.\  i  *s  ti  ea'i  he  sali.slied.  Im;iiirilies  ran  sn]»].|y  the 
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t  !'ii)  r  (100)  X  L  (HI)  r  (tco)  x 

wayt  vector  k 


Fip.  2.  -  Klectioiiic  ciioiirr  bniul  slnicturi's  Kik)  oL  GiiAs  anti  Gal’  fioiii  L  in  f  to  X 
along  tlic  (IdO)  (I'.c.  f  to  A‘)  and  (111)  {i.e.  ]'  lu  L)  direction^  oi  tlic-  Ilrillonin  zone,  after 
,M.  L.  fotniN-  and  T.  K.  ]5i:ia.ssTi:i;ssi:i!:  Phiis.  1,‘ev..  141.  7S0  (IHOIJ).  Xote  that  the  band 
/raj)  of  Ga.ls  is  direct  Imr  in  tin*  infra-red!  GaP  has  an  indirect  .iraji  from  the  valence 
hand  inaxiintiinat  P  tu  tlic  nondnetinn  hand  ini^iitnnni  at  Xin  the  vi>ihle  region  of 
the  spectnun. 


iKM-tletl  moinoiitiim,  witli  the  imimritios  most  likely  to  tu-eiir  mi  rlie  cnliimii  V 
site  of  CriiXs,_^r,  beiiij;  X  0.  S  ;iii(l  tSe.  Irmiically,  two  of  these  imjmrities, 
tJ  and  tie,  imalitre  xhullow  levels  in  the  band  ftaji  of  GnXs,_,l’*  that  lie  close 
to  the  conduction  band  edge  and  follow  the  edge  .as  the  eompositimi  varies. 
But  two  do  not.  0.\vgen  lies  several  tenths  of  an  electronvolt  deep  in  tlie  b:ind 
gap  of  G.aP  tuid  its  energy  level  decreases  linearly  a.s  x  decreases— it  is  a  genuine 
deep  level  ity  all  deiinitions.  The  behavior  of  iJT  (with  respect  to  the  valence 
band  ma::itiiuin)  is  espeeially  interesting;  in  Ga?  it  i.s  «i»p«»T))%  dhulhnr  with  it 
11  meV  bitiding  energy,  and.  with  decreasing  alloy  eoinjaisition  ,v.  .ts  energy* 
levcd  decreases  linearly,  similar  to  the  oxygen  deep  level,  hecmniiig  e.  g'-miine 
ilee)t  triij)  (by  the  oM  deilnition:  nuev  tliaji  ».l  eV  from  the  conduct  ion  baiid 
edge)  for  .<•  2:  At  .<•  =  n.L'-'.  how«*vcr.  the  level  go«*s  into  the  l•!lnllm’tion 

band.  In  other  words.  ^  appears  to  be  shallow  energetieaJly  for  .»•  =  1,  is  deej) 
for  .!•  =s  11.;“  nnd  is  n  resommee  for  .r  =  0  (see  tig.  1).  >r«tre«»v«*r.  the  27  level  is 
un.-ittached  to  the  condttetion  bajid  edge,  and  drvir  for  this  levc'  is  cliaraeter- 
isiir  Ilf  n  dccji  triiji  «iich  as  0.  Tln-se  fads  h-d  us  to  believe  that  27  i.-.,  in  fad. 
a  deep  level  wIukc  em-rgv  iieeiilditjilly  lies  i  lose  to  die  eondiidioti  lauiil  eilKe 
ill  Gill’  and  Iieeonies  resinnint  in  da  As— and  focussed  our  attention  tui  27  as 
till*  protot yjiieiil  diM*p  trap  [0]. 


2.  -  The  Vogl  model  of  electronic  stniclure. 


The  niiimlalioii  for  iiiiie)i  of  wbat 
eiiipirieel  I  !i;iit-Itiinling  llieory  of  rli 
ct  III.  !il|.  This  llifory  Iia-  iliree  di.'tiog. 


we  .Nh:sil  lli^^•ll.'•^  ill  tbcM*  lediire>  i.-:  an 
•di'oiiie  .%triieiure  developed  l.y  N'otn, 
,!i>IiiitL' fei'iiin-.-:  ii  It  properly  n  piexei.Is 


JiiJlN  1).  imw 


m 


tlu*.  cliumistry  of  llic  xj'*  lioinliiij:,  lo'caiix*  it  lias  a  liasis  wliirli  ijicliiiifs  mu*  .v 
oi'liilal  and  ihm*  orl  Mals  at  I'acli  aloiiiir  silo  (as  wdl  as  one  adiiilioiial  .v 
orbital:  «“).  ii)  It  i»rodntTs  iiidir<'ct-ira]»  band  strnctnrcs  for  and  (!:•!’  with 
a  minimum  ihkhImt  of  basis  functions,  live  per  site.  (J’liie  .vyr'-basis  li;rht- 
binding;  models  do  tmt :  the  extra  .v”  orbital  pf<tdue<‘S  the  iiidireet  hand  striiei  me 
by  ^tusliin;^  the  indirect  condtiction  batid  tniniumm  dowii  in  ener;:y).  iii)  The 
]iaramcters  of  the  Hamiltonian  exhibit  manifest  eheinieal  1 1  ends  that  are  eodilied 
in  .sealing  rtilos:  the  diagonal  niairix  elements  are  relateil  to  atomic  energies, 
and  the  olI«diagomil  matrix  elenients  are  i>iYer.sely  iirojioii  ional  to  <l~,  the  .'qitiire 
of  the  bond  length  (Harrison’s  ride  [7]). 

This  empirieiil  Hamiltonian  wastirrivj-d  at  by  Vocj.  and  Hjwtuuitsox  after 
a  great  de:*l  of  labor  and  re])r<*seut.s  an  attetJijtt  to  sinin.ianeoii.slY  ilescribe  the 
energy’  band.s  of  sixteen  .si’micondei  !or.s.  The  Vogl  nn-del  drew  nmeh  of  its 
inspiration  from  Harri.so:i‘s  bund  orbital  iin.del  [S],  which  was  one  of  the  lir.st 
sitcee.s.sful  attempts  to  develop  a  simjile  Ilamiltoniaii  for  describing  chejnieal 
trends  for  many  semieondticTor.s — it  d<‘scribed  valence  band  structures  rather 
accurately.  A  distingtiishiiig  feature  of  tin*  Vogl  model  is  its  ability  to  reprodtiee 
general  featui’es  of  the  lowest  eonduetiou  i  aiids  as  well. 

The  scaling  rulc.s  for  chemical  trends  in  the  jiaramoters  of  the  Vogl  model 
are  very  important.  Because  of  them,  the  Vogl  H:.miltonian  can  be  gcneraltjsed 
to  treat  inhomognieott^  semieonductoi.s— even  thotigb  the  information  contained 
in  the  model’s  parameters  conies  exclusively  from  the  hnown  energj-  hand 
stntcture.s  of  homogeneous  semieonduetors.  For  example,  if  one  ntoin  is  changed 
{e.g..  one  1'  in  GaP  is  replaced  by  a  27  atom),  the  matrix  elements  for  the  elianged 
Hamiltonian  can  be  deduced  by  changing  the  host  matrix  elements  according 
to  the  scaling  rnle.s. 

The  basic  ]>hiloso]d!v  in  '•*  tJt)  .space  of  cmjiirical  tight-binding  theory  is 
simil.’ir  to  the  philosniihy  i«tr  oidin:iry  pscmhtjxitcmial  ihcory  O'n  A*-K]iacc): 
remove  the  di.stant  parts  (in  il-.spacc)  of  the  jiamiJtonian  andlnm])  them  iiit.* 
near-neighbor  parameters  that  are  determined  empirically. 

Tigiit-binding  basis  functionr  hibk)  .‘ire  eonmicted  from  (unknown)  localized 
quasi-aiomie  orbitals  \ulRj) 

> 

(1)  |«///0  =  V  <‘-^‘i'  V  /A-n] , 


wliere  )i  =  x.  p,,  or  .v®  .■•pecilies  tlo*  basi'  orbital,  ne  loive  h  s=  a  (onion) 

01*  /)  =  c  (cation).  A*  i*>  ilie  liloek  \\j!Y«*  vecior,  /i,  is  an  anhm  site  in  a  zinebjojnle 
slrneture,  ne  have  =  0.  and  is  tlie  (losition  of  tin*  ••:iti(ni  relotiYe  to  ib«* 
aiiioji.  In  this  ba.'is.  the  >eenl!!r  ecjiiation  r«*dnees  to  tin*  inxin  system 

(-’)  (H" -r(A*/.))  =  0, 


i.(iCAi.izi;i)  rEUTns»ATK>x.«  ix  suMicrvxprcToit? 
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wIic.iT  wv  liilvc  (symli(tlii'iilly)  lli<*  HI(»cli  stiitt* 

(.S)  |Av.>  =  \)ihk){i,hk\li/:,- . 

n,i 

Jii  )li(‘  hihk)  riirlit-liiiKliii.!.'  hiisis  w(*  liiivo  flu*  ILiniiiimiiiin  m:ilrix 
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have  for  k  =  (2.7/0^)  (7;,,  7;„ 

7;,)  and' 

tin 

latrice 

constani 

//«(/«)  =  cos  (.-t/;,/!*)  cos  (.'tL/2)  cos  —  /  sin  (nkj'2)  sin  (.t/.j/i*)  sin  {rr/.‘a/2) , 

31(h)  =  -  cos  (.•t/.-,/2)  sin  sin  (.t/.-,/!’)  -f  <  sin  cos  (.•r/.v'i)  cos  (.■t7;./2) , 

3i(k)  -  -  sin  cos  (rri-./i)  sin  (.'t/;,/2)  -  i  cos  (.-rt,/2)  sin  f,T7.-./2)  co>  (.77.',.'2) 
and 

jr,(7()  =s  —  sin  (.77;,, '2)  sin  (.77;, /2)  cos  (.77;, ;2)  -i-  /  cos  (n7‘,/2)  cos  (.77;, /2)  sin  (.77;, /2) . 
We  liavo 

(SfliJ'TTjSflJ?)  a .  £{••>,  <t) , 

=  E{p.  /(I . 

(sciiiirjsoii)  =  E(f!,  c) . 

(pcRjEjjicR)  —  E(p.  c) , 

(s*«illfl';«''«ij)  =  E(x*‘, «) . 

{s'>pR:HU^cR)  -  E(s‘>,  c) . 

^(xiiR  E  xcR)  —  17.,  .v)  . 

4{jifaR\S]pri'R)  =  r(.r.  .v), 

•J(77''/J  7/  =  T>.//). 

II  ji^cR';  —  r(.\«,  i'/r) . 
liPfiill  Il'scR.  —  V{xc.jiii). 

4(x'^iiRiII\p^cR)  =  T*(.v'‘rt.  jjc) 
mill 

i{p,(iR[liy^cR)  =  V(pz,x‘^c). 


470 


.riiiis"  ,ii;  :iHHv 


'.nil if!  is  till'  liiisii*  liamiiloiiiiii  t'>  bo  ii.'oii  tlijMiii^Mbtiit  tlu*  liro.MMitMvitrl. 
'liio  miilor  .sjiotilij  iiccuiiii'  fiiiuibar  wiib  it  liy  wirkinj:  ilio  fiillowii:*.'  tlim* 
lirbbloiiis. 

1'.  ,(joini»uto  i:bo  oiioryj*  iiaiifl  stnicturo  ar  Av  =  O  of  Giil.k  iiikiii.^ 
ybuV  wni  <)f  ohc'fgy  lit  tlio  viilciico  biibil  uiiixiunuii.  (ibiniiiiry  yniir  iT.sijll.s 
tig.  U  u£  'rv^.’i0].  For  Givi’  tlic  Vogl  tight-ibiuUing  miitrix  i‘icUK'Uts  arc 
ii.up,  E{pi0)  i;(ff,r)  ‘= -ti.JiiTO, 

«  Si.-iriO,  F(«“.  .v)i=  ^  7.  J  TiiOj 

.'/)  =  t’(.ya,2)C)  «  •l;277i,,  r(.vCii/«):=  U.Slito.  i'{x^(i.  jic)  ^  J.OyJl' 

iiitiL  .v”/*)  is  u.onrid;  (For  ollitr  .somiconiluotoiv.  .<f(*  rof.  [0].) 

BrnhUm  2.,  Cu'miitito’tiK'ibaJttl  struiiroro  at  flio  A’*iutiiit.:A-,=  ^2.ir/«i;)(J}  0.  b), 

of  tlM*  Brilloiiiii!  zoiio. 

Brokm  3.  ^Vritc  ilowii  tlie  (•iiaiigo  hi  tlib  HamiluitiiaJi  JJiatWXj  A-Hi  in  vlio 
basi.s  friiMt  y  I'tom  rojiliiciiig  F  in  GAP  at.jR  =  D.  AAsunio  rliat  tlio  bbtiil 
iongtli  tUiv.*}  itot  cliiingo  wlivn  K  rcjiiiUasS'P  atul  tliut  the  elements  involv- 

ing  s^  remit  in.  mmiteml4lHHanise-*.*  siimili!te.s4  j(ijiIb.sAl-e}lb 
bor.?)i  Neglect  dlstinctibris  between* the  ho.'tt  busi-.  orbital.?.  iti&.R);nnd  tiie  eor* 
;re.«p6n4fhg?iminivify  orbitiiis  (in  subsequent  woric.  wo  .sitaU  aetuiilly  be  using 
tlie  imiiuritj*  orhitais  at  tlx*  iiniiurity  .site)!  Show  timt  the  matrix  is  jl  x  i  r  uu 
rtlAgoiuil'.  Suyiuwe  fiu'ther.  tiiat  tho  fiiagoiini  matrix,  elemont.s  fj.iij.nl  T*,  of 
are  given  by  the  VoghHjaliharsdh. 'sealing  ruleR;[Ci: 

(iVi)  F,  =a,ii.S(/ris.  27)  i~ 

■a  lid 

m  r,.«tbfl(ir(2)r^:)--(':(7nr)), 

wiieH*  the  Utd'mie-orbjtal'.energiesJir  for  27  amt  P  lire  [a]  .|(•(.^^^,27)  as  —  gyiTlSb. 
ir(jfi  y.)  =»  —  irii-lS^S.  ic(svAM.=  r*  i'^/b427i  Mini  P)  =  —  jit.Aaji.  Fuialiy. 
iisiiig  xH*f.  (li].  lU'termiiie* tile  niinievleal.vaiiies  iif' the  deiVet  .fi(irenti.‘il.s  t’’,  anil 
1%  for  0;  Se  iiiid  TO  ami  for  i>..(.!.,27,  O  iindiF.  if  yoUJiaVe  workeil;proi)ieni  3, 
you  liiiYe.  .set  Up-tiiO  Hahn'ltouian  for  obtainiiig  the  (ieeji  levels  of  27  in  GaP; 

3;  -  The  .iijuliiiaraoh  <  tiicnn'  of  deep  impurity  level.*. 

3’J.  (yuiiliiiilli’f  t'l  iHiirhx.  -‘ill  ilie  lijie  dtl.jll’s  lioll.v  ainl  l•l•iiilboriltlil•s  ile* 
velujii'il  the  efiee|ive*ii|a.ss  I  iieory  of  shallow  inijiiiritie.'  in  si*liiieoiiilUeloi>  JUJ. 
Aeeorditig  to  this  theory,  eiia'iiijnirily  siieli  as  S  stib.Nti'  itiiig  for  As  iii  GaAs 
proiittees  a  I'.oiior  eleiUii.ir  that  orbits  the  extra  iiUelear  i-ltnige  ef  S  (relative 
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|(>  4>)Hi  !•  liytlhijri'nic- (ifhit ,  llic  i*iivi*!itjif  \vi;vi*  fujiriinii  fiii'  wliidi  siitisJicj: 
:i  SdiK'iliiijffi  fiiliiitiitii 


//i“-is  tla*  fouiluctjiiiyliaiul  ollVftivc  mass.  2  is  riie  vXLyss  vnhnvo  (>i  tin* 
imiiuvity  atom  with  ivsiK'Ct  to  the  host  aToin  it  i*cplaci*s  (miity  for  S  ou  im 
As  'iu*  a‘n  GaAs),  e  is  tin*  GaAS  static  ilidectrif  coustaht,  iiuil  E^  is  the 
euor^'y  of  tlio  conductiou  baud  edge  (at  /;  ==  0  iu  GuAs).  This  efTcotiveMiaiss 
state  has  a  total  wave,  fuuctiou  that  is  ptiiiuirily  a  lU’oduct  of  this  euvoloiio 
fuii'.-tiou  aiid  the  periodic  part  of  a  Bloch  fuuctiou  evaluated;  .at  the  wave 
vector  of  tlie  coudu'.tiou  baud  miuitmuu  [9. 10]:  it  is  made  up  primarily 
from  one  baud  (the  GaAs  couductiou  baud,  iu  tliis  cuse).  The  cirective-mass 
slate  is  liydvogehic  iiud  virtually  lOeii  .]iosthke.  The  impurity  lever  is 
«aTiachedi>  to  the  couductiou  band  edge  with  a  small  binding  energy  of  order 
10  uieV  (13.C  eV(w^■^/wj)*/e,  whore  »ia  is  the  free-tdectrou  ma.ss)  hud  fol¬ 
lows  the  edge  when  the  edge  moves  ns  a  result  of  externally  applied  pressure 
or  alloying  (c.//..  alloying  GiiAs  with  Gap).  The  shallow  levels  control  tlie 
eleet’.-ical  ])roperties  of  the  semieouduetor.  and,  although  the  impurity  potential 
in  the  central  cell  often  deviates  gi’eatly  (a  few  eV)  from  the  Coulombic  value, 
'=Ei'’le)',  only  the  ioug-rahged  Coulombic  potential  seems  to  have  .a  significant 
effect- on  the  shallow  states.  (This  should  be  bother-some,  because  central-cell 
p6t«Mifial.s  of  order  1  eV  must  produee  .some  effect  on  that  .scale.)  Moreover, 
the  shallow  states  are  localized  in  /;-space  hut  delocalized  in  real  .space. 

The  off'ectivedha.ss  theory  accounts  for  many  of  the  data  for  impurity  levels 
in  the  hand  gaps  of  .seniiconductors;  however,  it  dpe.s  nor  account  for  many 
fa(d.■^.  including  the  following:  i)  some  i.soelectronie  impurities,  .such  as  IN* 
rojdacing  P  in  Gap.  produce  levels  iu  tliega]*  de.spiic  tlm  ff  •'•t  tliat  tlieir  valence 
diiVercuces  Z  arc  zero,  and  ii)  some  level.s  in  the  gap  lie  fur  (more  rhnii  0.1  cV) 
from  :i  Irud  edge  and  are  «deop  levels#.  Early  attempts  to  explain  the.se 
facts  attempted  to  modify  the  effective-mass  theory  to  produce  larger  binding 

dlH'rt'icS, 

A  central  poim  of  the  Hjalmar.son  theory  [11.  ]g]  is  that  cverji  hcicrovalcnr 
sulisriiiitioiml  iinpi  rity  produces  Imth  tdccji  level.N »  and  shallow  level.-,  and 
that  Ihr-  «<1cr2>  Icvfh »  ilo  not  vcec-ioKtrUi/  iit  tho  iuutlfiviCMtiil  lunid  guji,  bui 
iiifni  /((!  rffKiniant  ii'i'th  ha»fh.  The  de..))  and  shallow  states  arc  two  rputli- 

tatively  dttVeroiir  lyjics  of  impurity  .siato  riait  coexist,  hut  :ire  nircly  oli-ervod 
siiinilt'aiieoiisly,  Doc)i  h*vcls  arc  l•on,n■*dlod  hy  the  cciilinl-i’cll  ]i<itcuiial.  have 
wii-  i.  functions  that  arc  linear  comliiiiatioiis  of  wave  functions  frmn  !ii:iiiy 
(  "~  !o)  host  Iiaiiii...  arc  ofroii  aiitihondiiig  in  eh:ir:icter  atoi  arc  largely  hostlihc. 

I  iic  deeji-It.vol  Clergies  arc  often  uiiat tachci!  to  iicarhy  hand  edges  and  do  uoi 
lollow  ilii.ia  when  thoy  move  as  ;i  result  of  jiressiirc  or  alloying.  imjairity 
states  are  Ioe:i)izcd  ill  real  viiaee  and  deloe:iIized  in  A*-.sj>:iee.  The  a]'liar<Mll 
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•  bjiulinj  ehor^" »  ofj.:!  (b‘(*)»< k*vt‘|  ivC*  A  o  si .  lidirby  ii:i isH  'ifl «‘ii 

■(ii'iijlis  (if  k^')  jn,mii?:niTU(k  siniV(Y!b  b<‘  »i‘kb' si  ijirit  ii'vvbfsills'iii  tliu 
fuiitbiniontiiliiaiiiliyiijk  itr  Asir^ry 

Uitsiionnifiisitivt*  ivibiniliinsitiiiiubrvlwiriiiis  nnii-’libU'Si  it-ijil 

tii.iiiflnciijiic  flic  qiilir:ii4«*»l*W'ties,i(f.  si'inii-oi  iliir-iiirs  i'Vvii  Sil  <•nl!^•l•jl^l•:lti<•I.^  sis 
-luw  SIS  iO**/cm^ 

ill  tlicsc  icctiires,  wc\liiiiit  oipClvos  lii  icvt^s  iiSsiii-ialiiiV  with  -.y/’.liiiiHivil 
suhsiitutiiimii :iniiVi\fk.ivij.'4S^cr^^^  of  iiitwsljlisil  j/?Oi<iiiil<4  iiii!«intii‘s 

sihdltriinsition  nK‘talHmi«ifitit‘s,,see  ref.  [13]  siiiihiwi.-ivspectivdy.)  Tlnis.  iii 
the  eiierpj'  vichiitfco^llie  uftiKViKiip.ifor/substitutlqii.'il  iiiiiiiirities  iii  letriiheiirnJ 
.s('Coiiductqi\s,- we  exihh-r  cksietiy -four  lieep  loveis  (ti  oricimilo  from  11  li* 
lunidiiig,.  three  of  whiidi  ,sire  dqjrqiiex^sii'',:  si  4--likc  J.j. level  sind  si  jirlike  iviii!.*' 
tleireiiwiite  Ti  leVel.  (4x  <i»d  T.  sir**  irr'Hliicihie  rejih'k'iitsiliqiis  of  the  lei  ss- 
hedrsihsroup  T^.)  If  tiiese  « ili'Cp  levels »  due  to  the  oeiitruhceli  iiotihiiisil 
sill  hiippen  to, lie  iibovo  the  eoiidiietioii  build  edjre,  sis  in  the  esi-se  of  GiiP:i>i. 
,(S  on  11  P  .sitc  iii  GiiP),  tlien  the  qhlr  lerels  in  the  ;raii;iire'the  .shiillow  levels 
lissoeiixted  xrith  the  biiiff-iiiiiiL'ed  Coulumb  potentisil^iind  S  is  termed  ii  shiiVow 
imjpurity  b^eause.  only  its  siialloMMevels  iife  obseired  in  the  friip.  If  one  er  liie 
deep  loveis  dtie  to  the  eentral-oelbp'iteiitisil  fsill;-  within  the  inndiimehtiil  batid 
gap,  SIS  with  GhlMO,,,  them. the  (miiiirity  is  termed  ••  deep ».  But  .a  eeittral 
point'  is  tiiat  both  shitilow  and  deep  levels  i.f  the  same  iiapttrity  coexist  (fig.  3): 
tiiey  are  distinot  (althoitgh  deep  levels  hear  a  bainl  edge  may  hybridizv  witli 
siistllow  levels).  Isoeleotrohic  defects,  stieli  as  GaP’^ji.  have  no  ldhg*ranged 
Ooitlomb  potential  siiid  bence  no  shallow  level:-?  all  of  their  defect  levels  (except 
possibly  levels  associated  with  a  strain  field  smToimdin"  theni)  are  cdcepv. 


3*2.  Eitcrgii  sooiVs  ftn<I  llic  naUd'C  of  ihe-  Ihenrii,  -  Before  eonstnietiiig  si  tlieory 
of  il'-vp  inipnrity  levels,  one  should  first  detvriiiine  the  im]i6riaiit  jihysies. 

To  begin  with,  the  bonding  in  semieoiiduei"Vs  is  zip'  in  elainieter,  and  a 
proper  treatment  of  a  localize'!  defect  state  must  aeeoiint  for  ibis.  Tlie  spectral 
distribution  of  tlie  bonds  eovers  s  2i>  eV.  the  cumbiin'il  widi  lis  of  t  be  valence 
bands  and  rb“  lowesi  condttciion  lianils. 

The  ilelec:  potential  in  the  central  cell  can  l»c  cnnlely  estinnited  as  llie  dh- 
fcreiice  lietwccii  the  atomic  energies  «.f  the  defert  and  the  host  atom  it  rcj'laccs 
— and  is  Ix-picsilly  ,\c.v)v»'  chrlrourijU  in  lisa;:!ii'.udc — •.•f  order  .*teV.  7  eV  and 
3."  i-V  fur  S,  27  and  O  (ali  on  the  1’  site)  in  G::l‘  .nd  J  eV  for  3.*  in  Si.  The  fa«'l 
ibai  the  ccntral*ccll  dcfci  -  jiotviitial  is  so  lsrg«*  should  he  cxtrcnicly  piizzlini;.. 
esjtccially  in  tlie  ca."  of  tin*  shallow  doiior.-  P  i;:  .Si  and  S,.  in  OsiP— because  27ii- 
tiu'c  rcijiiires  that  a  perturbation  of  N.-vcral  elect  roiivolt  exhibit  itself  on ::  scab  of 
order  of  elect  rt-iivoli.  and  tin*  slialiow  iiit]itirities  a]»pear  at  first  glance  to  exliildt 
eoiiserjllenees  of  tin-  l•elltral•eell  defect  fioleiilia!  on  only  tlie  lllillieleetrolivol; 
scale.  The  resohsiioii  of  this  dilenini:’  lies  in  the  fact  tiial  the  slialiow  doiioi^ 
also  produce  <■  dei*]'  resoia.ia-es  ».  ijiirsidoealizeii  state."  at  energies  of  order  3  I’V 
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snaaow  aeep. 

Fiff.vS.  i  ScUoniatip.  jllustvatjon  of:  t|ie  4if®r*“oo  between-..*  sUallow  *  and  *dc6i>  » 
f jiMionded  sdbstjtiitj6n.4c(ddi|or);iihpuHtieSi^^^^  pj]..  Tbe  shallow  ener^  levels 

iu'  clioHjand  gap?are  :^8^^ed^  jfhe-dcepdeTefs'dt  T’.-ljJdikcliSymmetiT 

■miidpu6ted\bwhea%’7..Hn%  1^4*! 

•wspn^npeiaud'dic  bvns^e  tijc=fuud4mp’uta1^  ii.ldeep  in^JTu’ityj’at  least 

one  deepdcvoliK4.-Tiithju'Uie;:gapj  .The4o'V«st  levcris^dco’%iedi>y  the  extra  eb.^^^ 
.(dark.6iTplcs)d_f  ;theiinpur(ty^^^h^  oho.gi'eatcr  tb'an  the  host  atoju  replaces 

(e;pi?'S:;6riO  pn.a.'P^sSfe  lii 

above  the  epuduotion  liaiirt  minimumj  rhe-o#stvivce.  of  tiie-sf  rospjiJ'nees  ifas 
biw.n  apin-odaU'.d'.oiily  rpeipitly.  .This  hpTjp'u,-:tliiit  iiripnriiies.pvnduH*  *  dwp » 
levels  above  the  coinhietioiriVand  njininmnu  requires  a  new  (U'liuituai »}'  *  deep  ». 
The  tld  defiiution  wasJthay  any  level  iir  the  ftfndam«aitalJbanfi' {rap-more  than 
p.leVfrpm  the  iKaire.st  band  edge-wa-s  •deep*,  .ivow,  followhig  H.tawl\i:son 
rf  (tl.f  wo  (kfjiic  a  deepievcl  as  {iiie  who:«*  idiysies  is.i-piitrpljed,  Ity  (he  l•ehI!'al• 
eeil  j)Otontial;  as  a-resalf,  ♦  deep »  levels  now  may  have-very  small  (<  n.i  eVj 
binding  energi<-s  (sueh  a.s  the  level  in  (biri  or  may, lie  abo^e  the  ■•ondm-iion 
i)iind  edge  with  •negative  binding  eiietgies »,  resoni'.nt  with  ('he  ho*-<  bands. 
(«deep  resouance.e. »).  Xboy  may  al.«o  lie  re.sonant  with  the  valence  hands 
(bijtding  energie.*.  gi-eater  llnut  the  hatid  gap). 

In  addition  to  t he  l■el5lra^^•e^  iioieni ial.  several  other  iihysie:i].er->  et.s  inlli!* 
eiice  deej*  levels  on  n  .scale  of  a  ’few  leal !  »  of  ah  e\‘.  These  include  lattice" relax*, 
at  ion  around  the  defect  ll.'i'l  ami  chargestate.sjditting  |J<i.  iTj  of  the  detect  Icvel.s 
(c,;/..  the  dilVereiiCe  due  to  elec!roi»»eIeelroi{  interaetioiis  in  the  S"  and  .S'  one* 
eleeiron  eaerji.v  levels  in  Si).  Furthermore,  lise  (’onlouib  jtoleniia!  outside  tlie 
cent  ral  eell.  —  Zi  -  yr.  i.s  also  of  oriler  n.l  eV  for  r>  o,..  In  imieh  of  the  work 've 
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\liv  rhviiiirul  /rrrt//x  iii  rtwji  «'iior;.'v  fniift  ijits*  iiiiiiHHI.v  jo- jiiiiiiiior  ijr 

frqhi  oik*  host  to  iniotlk'l*.  J»y  ii<‘}:l«M‘ti!';.rtiifs«*  oriViM .>!;  «•«•  tiliiiiiirii  vory  siJiijiU* 
ilieory  In  wiiii-li  the  <h<fwl  itoU'iithil  iniitrix  is  Ui:i«oniil>4in  •«  /.«••!  Imsis) 

niiil  isilmijiIiziMt  lirtlH*  conlnil  cvl)  of  tin*  dvftM'l— 'l»<*'’iiusv  ortlit*  shiliiijv  ni]«'s 
:nf  tile  Vo"r  luiniiltoiinui. 

Tlif  Imnil  «if  n  tyin'ful  scinifnntliu*) is  s  3  <‘V  uinksnnlifs  I'f  J»'Vi*is 
urtvtihr':t4Mi  wnvnrrt  <k*t.tMMnl«iii;r  i«*v<*ls  \vitli.::n  iic(*nn:fy.»»f  <  ti.3  «-V,.  Ihivv- 
over,  the  'bsin“d  vik*i*}.y^.i  n  seiili*  of  i^iyslcis)  relovejife  tb-llie  tlw])* 
iinimrlly  liniblcin.  beVimse  levels '  whet  her  « bitiunl » in  *,  ii»*  iwji  «f  resoiiant ) 

nve-im:ittiiehe(l  to  band  edges,  fiisteiid  tly  band  giijt  eiier^'  delerniines  th<' 
seale  of  e7;*emd//7/7//  of  inost  <leejHeveIs.  A  siinjn'e  way  to  tbinh  alnnit  d«*e]t 
iinimnty  ievel  that  tbeydie  tbrougliont  llie  sjoeV  range  of  tiie.vj»»  bond, 
bnt'tliat  only  the  sniail  frael ion  of  these  levels  that  lies  witbiti  the  «  wijidow  • 
of  the  band  gai»  is;  bb.M'rvaide  by  eonventiona!  .means,  iteiiee  a  eoiniilete 
deserji*tion  of  deejt-ievei  e.’Cjier intents  on  the  scale  of  observability  of  deeji 
levels  requires  ti  tlicpry  Av|th  an  acciirai-y  of  «.l  eV  <iut  tif  jn  eV,  or  No 

ednt-eiuiiwif.v  the^  cajyible.qf  sttch  juyiicivtu'aey:  the  ja‘st;atafu^^^ 
al)kisi)i;,few  toiith.s  of  ah  eV.  Tlieroforo,  the  goal  of  theory  should  itot.be  to  lire* 
diet  tiK.ab.soiute  energie.Vqf  deoit  levels  in  the  bitnd  gap,  beeattse  thi.s  goal  is  pres* 
ehtijv^unattaiaablei  father,,  theories  should  bo  constnieted  uith  the.intent  of 
.simpl^Vdiipl.tj^jig  the  ephysies  of  deep. levels,  predicting. eliemi.cal  trends  in  datii 
and  prediethig  qiiailtative  jihen(inietni~sueh  as  suggesting  the  •ondttiohs  tinder 
which  li' deep  resonahee  slionid-descejid  into  the  band  gap  itnd.beeonie  n  bound 
deep,  level; 

Because  of  the  iutrinsie  liinitisthnis  of  contentjiorary  theory,  Hj.t3.3iaj!!#().N 
cf-rti.  eonstructed  a  theory  of  deep  levels  that  considered  only  the  central-cell 
iiiip'trity  iiotcntial  of  tiie  defeeVi  Tlie  theory  can  he  and  has  been  niodiiicd 
to  itscinde  ’attice  relaxatitm,  ebarge  .stare  .splittings  atid  the  loiig*rang<'d  part 
Of  the  SMS' .•lied  Coulomb  interaction,  but  tjie  reqtiirement  of  .'implicit  y  is  best 
ihet  with  rite  Hjahhtirson  model.  In  fact,  the  model’s  jiredictioiis  have  turned 
;otit  to  he  in  reiiiarici.bly  good  agreement  with  the  data. 

.Iii:lflCft  I.AXXtio  atid  LnNGt..M!T  pjt]  jiredicted  the  deep  cnergA'  level  of  the 
diainotid  vacancy  using  a  simple  tight-binding  nnalel.  Tla-ir  approacli  predicts 
(teep.leAk*ls  ill  good  agreement  Avitli  the  most  recent  calculations  [3 h-gO].  and 
tlieir  tigiil-biiidii.'g  ideas  jiroA'ided  an  es.seiitial  guide  for  the  deA'ehqnneiit  of 
tbe..irjaliimr.<on  ilieory.  Tbe  two  elements  tbat  are  mi.'.'ing  from  tlial  eafly 
work  are  i)  an  accurate  treaUneiil  of  lioib  tin*  .vy<=>  ebaraeier  of  ibe  cbeniieal 
bond  and  ibe  indirect  ••oiiiiiioiion  band  striietnre  a.nd  ii)  a  qiiaiititatm*  jire-serip* 
tinii  for  preilietiug  .lie  dee;i  leA’<‘ls  of  impurities  as  well  as  A'aealieies.  tbat  is, 
a, .selieiiie  for  deleriiniiiiig  the  deferi  jnij»*nliaJ  of  an  imjinrily.  (J-'or  a  vaeaiirv 
ibe  defei't  potontial  is  iiiliiiili'ly  ]msiiiv«..  ;>.>{  sbown  by  3.ANNon  and  hKNdl.AUT. 
<‘iilisi|ig  llie  ilefCct  <.atoiiiit  to  be  deeonpletl  from  ibc  bo.s'  by  A'irllie  ibc 


L<K’.\u»:i)  ftia ciiii.vi  hi.s^ .«.%  .•KMUv.Nin'ct 


•tT."* 


iii.lKTtiirl»:itioii  lliviiry;)  SiiIi.m  ((uiMit  tWit-liiinliJii: 
tlift.nV.N  of  ilwji  iiiiiMirily  |»*v*'ls  liii'l  with  v:ii-yii!^'  of  .siim-s.*.  hut  h 

ini|it-(ivfiiici)t  tM-ntm'd  os  o  ivsull  of  th«*  woi'i'  "f  Vo;:! «/  «/.,  whoMi 
]ii'oiIiummI  tlo*  iriiiniltoiiiiiti  with  111;: iiifcsi  r/o!m/nf/  ttfiiih  iti-its  ii::f;iiiift«*fs 
:iinl  with  ailyqttiiti*  l•o||littt■tio|j  hjiiols. 


IV3.  Hhilmarxini  Ihtmj  iti  tUrji  Irnts.  -  TIio  lljaliitarsoti  lIuMtiy  of  iliM-ji 
ifniuinty  Icvols  is  it  Green's  ftthi-rioii  theory  i»f  tJie  tyite  itrojutM-tl  iiriyinally 
hy  KoSTKI:  and  .SI..VTEI:  [1'7].  the  Iiost  ITiitiiiltoitiiiii  titiitfix  U"  is  tlie  Vii;:] 
HivmiUoiiiati.  eq.  (4).  Jiectittse  latriee  felaxalioti  atid  ciianjL'es  of  liojid  leiiiu'tli 
liave  been  iiev'lef'ted,  the  defeet  liotetitjal  ttltitvix  T.  iti  the  xyt^v®  hjisis  liiettiuefl 
at  etich  site,,  is  zero  except  at  tlie  ttitititrity  site  aiid'is  dia^'otial  at  the  ifnintrity 
sire: 


(•'*) 


(iihR\V\,ri,'R‘) 


Here  d  is  the  Kroiiecker  dellii-fuiiethiti  and  we  have  v  «  (i;.  i;.  1*;,,  1',.  ti: 
V,  iittd  r,  are  ;,'iveh  by  eqs.- (0).  the  irainiltonian  is 


(!•) 


Bec'tutSip  the  defect  potehtia]  iiii'trTxTs  ioearized.  ti  Green’s  funetitni  inetlidd 
is  ttseful.  yomaJly  to  find  tlte  inipitrity, levels  ihai  crystal  tO*  unit  cells  with 
two  atonis  per  cell  tind  live  orbitals  per  atom,  one  must  solve  by  bvttie  force 
a  i<iy  xloy  matrix  equatioit.  With  iiGreen-s  fttnetion  method,  one  need  otily 
solve  it  4x4-mntrix;  the  size  of  the  defect  rather  than  tiie  size  of  the  crystal; 
In  fact,  tetrahedral  point-jt'nmp  symmetry  redtices  this  >1x4 'matrix  to  four 
1  xl  matri.x  equations. 

the  Greeti's  function  matrix  for  tin*  perttirbed  crystal  i> 

(H'i  (V(i’)  «  (r  -  H)-« 


and  is  related  to  the  unpcrturla>d  (ireeii’s  fiinclion 

(J I )  0”{R)  -  (i*  -  HT'  -  ^  iAv-X;:  -  <Av.i 

hi. 

by  DyMiii’s  eqttatioii 

(I’-'l  f/ ™  t, t/»l '6' . 


(Vi*rify  tin’s  by  nailtijilyii*.!.' on  tl.-icft  Ity  7;  — //“ainl  on  tlieri;.'bt  by  7;  — 77.) 
Tiie  formal  .'oiniion  of  Jiyson’s  ei|it!'lion  is  tbe  matrix 

!!••!) 


H  [1  I’]- •(/''. 
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liiis  lioiitriviai  solut  al  l  In*  l»y  t  >«‘fular  cijaal  ion 

(14)  <lot  |l-(i‘?r]  =  »  . 

Takiii^  matrix  vlommits  «»f  Ilio  satMiIar  «*<imi(ion  iirtiM*  i/»/J{)1iiisis.  xvi*  liiiil  ilic 
-oijfenvalm*  orjuat  ioiis  for  tlio  ti- -ifU‘v<*]  i*norg>*  E 

(jr.)-  T7»  -  («DiG«i*D» « /•  i 

kl 

iiml 

(10)  r-‘  -  {p,b\fiit,D) . 

lU’writiijj:  lliosc  results  in  lorms  «tf  ilio  local  liost  spcciral  dcnsiiies 
an(l.7/Jj(r‘),  M"  Inivo  (jS] 

(.17)  F7‘  -  pjimi>l^{E')l[E  E'] 

-iunb 

(15) ^  r;‘  -  Pj dE !>•,(£')/[£  -  £■] 

(19)  i)2(r:-) « (iiDi(5(i?*-  ir*)iHD)  -  2  ^u)  • 

liA 

To  see  liow  rii<'.sf  rcs(ilt.«!,..«qs.  (17)  ami  (13).  are  obtained  more  direetly. 
it  is  useful  to  take  matrix  elements  of  Dysou*s  equation  (12)  in  the  je.Ml)  basis 
and  to  consider  (lie  imituiiiy  site  bR  i^  P',  we  laive 

(20)  (iiDfilii'D)  *  («I>:(?"i«'I?)  -r  3  («PiG»:rD;r^(rZ);Gi».  ‘i>) . 

r 

wliere  >/.  u'  and  r  ranju'O  over  x,  p,.  p,  and  p,.  lieeae.se  H*  is  invariant  e'nler  tlio 
ojierations  of  liie  tetraliedraJ  puim  u'i'ouii  T^.  Zf*  and  {£  —  R")-'  are  invariani 
ojierator.'.  Since  flie  A-state  transforms 'accordii'S  to  ilie  .1,  irr«*dueible  rejire- 
.sentation  of  jf^  and  tlie  y)-.states  transf<irm  aecordinjr  to  tlie  .r.  p  aJid  t  row.s 
of  tin*  J;  re])re.senlation;  (iiD  is  dia<rona]  in  n  and  eqs,  (17)  atid  (IS) 

follow. 

Tile  eneruT  E  is  alwa.v.-  to  be  inter|tretetl  as  bavin;;  an  intiidlesimal  positive 
iina,aiiiarY  part  <n:  tin's  liices  tin*  correct  boundary  (.•nditions  for  tin*  (Jreeii’s 
function,  ]lec;::l.^e  of  this  ami  tlie  identity  (.»•  -  /o)—' —  .®(1 /.c)  — /ard{''').  we 
have  [2S] 

(?(/;)  =  5(7;  -  7/ -  in^E  - 11) . 


where  ?  denotes  a  principal  valin*  and  <)(.ci  is  ]>irae‘s  deltad'iinciion. 
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K<jii:itioiis,{lT)  anil  (IS)  air  the  l•(•^ltt•al  <*c|natii>i:.<i  «»f  tli«*  lljalinarsaii  )lif«»ry. 
Tit  solvctllu'iit.  am*  luril.-.  lit  lirsf  avaHiaSa  tin*  lor  llii* 

liast.  Aylu'ii  tli«*  Maliiiiloiiiati  iZ"  is.  iiiai^riializnl  to  iii!il  llio  (•ifrciivaliias  7;^;. 
till*  (iVi'Hiii)  iiilt’irrals  (ii/i/elUA}  uro  tlu*  l•tti^ljK»n^•nls  «.*■  llir  Jioriiializ*-*!  (•ijjiMi- 
vcfidi's.  Jh  tonus  (if  tlio.'o  <itiatitilios,  \v,o  liavo 

,(w7/ZJ'Av.>  =  exp  [//{-(JR  rh  . 

notice  wo  liavo 

/>•(£:)  =  .v-‘  T  {(,iWfi&/.>|-(>(^:'-rtAi , 

’w 

wliich  can  bo  sttiiimod  oiflior  tts-iiii^  llio  Lcliinatiii-Taut  niHliiul  [I'P]  or  (for  tlio 
lioop.jovol  oiiofjo*  ^  ill  tiu!  \futi(liiiiioiital  batui  jrap)  ttsiiifr  tlio  siiocial-iioitit 
Jiiotlio(143ti]. 

Ill  pracrioo,  tlio  iUh^' t'lbl uir  oalotiliitod  Ity  ooiiipiiiit!;: 
tiio  fuiioUotis  l’(.Ejj)  aiitl  l',(iV,)  iiii  f<»llo'vs:,i)  a  valtto  o£  JS  is  solootoil.  ii)  l  ao 
.^K'Ctral  iloiisitios  air  oviilitaioil,  iii;  tlio  rijrlitrliaiiil  sitios  of  oiis.  (JT) 

and  (IS)  aro  ovaluatod,  iiiid  iv)  T’,  and  I*,  air  ilotorniinoii  froni  tlioso  otjua'iiiiis. 
riots  of  JS  vs.  T*  for  J.,  and  2*.  states  flion  jrivo  predictions  of  (loop  levels  tx 
defect  atomic  oiierj;.^*  (see  o(]s.  (C));  Tlie  vacancy  levels  are  llie  asymptotes 
di(:T*~  oo)'df'tli€3e  curves. 

jProbkm  4.  Conipitto  r(Jr)  for  energies  E  ottt.side  the  host  band,  in  the  oaso 
of  a  (iefoot  in  a  oiie*dimehsional  liearesMieiglibor  tiglit-bindiiig  crystal.  (iTint: 
T[ii?)(ii-rl!-;-|iJ  -rl)(JR|i,  F=  r,|Jp){D:.  Compute  'the  band  striK- 

ritre  i\.  Then  comptite  ==  2 

i* 

ovaluato  (i?i(r"j7?')  *  (i?  —  analytically  for  oiiorgios  oiitsjde  of  the  band, 

use  a  (.•ontotir  integral  over  the  unit  oiirle.)  Ilepeat  this  caloitlation  for  the 
defects  oil  the  P  site  in  GnP,  using  first  one  special  point  [30]  and  then  ten 
special  points  to  evaluate  the  sums  over  k.  You  will  obtain  good  results 
with  teii  special  points. 


4.  -  Qualitative  pltysics. 

The  nuttUlolire  physios  dotorinining  dooji  levels  is  do]iict<'d  for  the  case 
of  (;al':X,.  ill  tig.  J.  after  1 1,1).  In  this  lignro  wo  ouiisiMor.  fur  sini))lioiiy.  only 
tin*  .V'Statos  of  the  atoins  (and  the  .Ij-syniiiiotrio  dofoo’t  level)  alnl  nolo  that 
tin*  da  alon.'o  energy  r,.,  lies  above  the  I’  eiM*rgy  f,..  When  these  two  widely 
separaleil  atoins  are  broiighl  togellierinto  a  inolee.de.  the  levels  rejiel— resiilling 
in  a  litiiaiing-anriboniiiiig  split tiiig  that,  in  lowest  order  of  perl ttrhat ion  theory 
about  the  inlitiiledatiiee.eonslaiit  litiiit.  is  proportional  to  •‘•^(fuj  —  f|.).  where 


47S 


.tflllX  >».  jHtW 


r  is  tin*  tRiiisf«*r  iiijilrix  (jitui  is  kImiiij  tin*  siiim*  for  oJI  soiiii* 

I'inidiii’lors  |7]/.  Tlit*.iiii]Hiriiiii|.  |ioiiii  is  tlioi  tlic  lioiiiliti;*>:iiililHiiiiiii!|L'  sjilittii:;: 
is -invorsVly  itri'jioHioti:!]  jo;  tlio  onvr;^'  d«*iioini«jii*»r  —  fj.’  " 
jiiolociilos  !ir«  liroiiKlil  tnjiifilior  iiiio  o  solid,  t’lo  iiiitilMiiidiii;.'  sliUos  jiriiiitii'o 
tlio  rondiirtion  liiiiid  iHid  tl.*'  iioiidiii);;  st;i(os>yudd  t'lio  V;iK*»rf  biUid.  w’ilJi  tlo* 
fuiidiiinfiii:il  liiuid  ill  Im'Iwwii- 


a(om  melteui*  ioUci  atftel  “melKulf" 

Tijt.  4.  -  Sclieiimtic  illustvfltioh  of  the  qiinlitotire  physic*  {rofeniiuj  deep  IrveU, 
iifter  r»'f.  (3.  llj.  See  tviv; 

^ow  imagine  a  « dvfwt  nioli‘culv  with  a  X  impuHty  r<‘)i]aciii^'  oiu*  of  tlic 
P  atoms.  Its  aToinic  oiK'ii'y  is  ^  i'eV  lowvr  than  ijiat  of  P.  and  so.  wjioii  if 
i'ltoracis  with  a  (ia  atom  to  f<irm  a  .  dorulo,  tho  iv%i;ltiii;r  hoiidiii;f'aiitihoiidiiijL' 
sidirtiii;;  is  sinallcr  tliaii  f<tr  Ga  iimll'i  oonuiso  tin*  vnergy  dmoniiiiator  —  tj.. 
is  2:  7  oV  lai'fc'vr  tliaii  liiv  donominatui’  —  As  a  result.,  tliv  level  iii  the 
traji  (the  deep  level)  eali  lie  hehiw  the  eondtietioji  ha.id  ed;;re  in  the  {.'a]).  In 
faet,  li)U'. -4  illustrates  tliat  the  issiie  <if  whether  a  deep  level  is  *  hound  » in  tlo- 
;:ap  »resoiaint  »  with  tlie  host  hands  dejiends  )>rimarily  on  whether  the 
haiii!-'  are  hvaid  eiion;'h  to  eover  n)i  the  deejt  level;  that  is.  it  dejtends  on  the 
ainoa;.i  of  hondin^'-aiitihondiii;'  s]ilirtin;;. 

.'Severe.)  featiiri's  of  ti;;.  4  are  wortliy  of  s]ieei;il  iiiention:  i)  The  27  deej)  level 
is  derived  from  tin*  Ga  daiiju:liii;:-hond  enerj.7'  e,,.,  and  \>  iintil'oiidiii;^'  and  Intxilih- 
(Ga*lil»<‘i.  not  iiiipiiritylihe  (X-lihe).  Th*'  Xdihe  lev«d  is  the  hooding'  h!ij»rilf\ 
Irnl  lyiua  lielow  tlie  valeliee  iiaiol:  it  is  eieetrieally  lliaetive.  heili;:  full  of  elee- 
troiis.  and  is  normally  nnoli.served.  ii)  The  dee)*  level' U  orthogonal  to  the 
hyjierdee)!  level,  iii)  Tile  deeji  lend  is  rejielled  npwartl  l»y  tin*  hyperdee]!  level 
liy  mean.'  of  the  lioinlii:;;:-aiililiondili;r  level  repnl'lo::.  ivl  The  dee}'  level  is 
<■  ]iinned  v  to  ilie  Ga  dan;.dii<''>hoinl  level  and  eannot  he  pulled  helow  it :  Jina;:ine 
di'ereasinj:  l  lie  elier;L'y  of  I  lie  V  level  relat  ivi-  to  f,.  from  —  7  eV  lo  s  —  1  o  eV 
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(ti.vy"'Mi),iiiHr  ilu'ii  to  ir  —  .jiioii  «*y  (oti  i*l<*iil  vofiiiioy):  Jlu*  licoji-iovcl  ciior.uy 

will  iiiovo  down  Hilly  slij;litly.  uovit  lifi-oniiiij:  d«'<']ti‘|‘  tlinii  llo*  Go  (loiiv'iii!;: 
Imiol.  oi-:ido;il ;1*  vocOtlry  ciioiyy  "f  TIii.n  iji.  tin*  liioiiliilii;  of  <•  dotji-lnvol 
]iiii!:itij; »:  jUfnhji'  i‘lii(ii!irs  hrllu  ilrrp-lvrrl  -juitrutiiU  rrsnlt  hi  ««///  nihior  (•litiiiijrx  iti 
ihi  ilrrji’ll'O'l  1>  »■////.  or  id7:r;'dl‘_  1. 

Tin*  dofji-lovoj  jtiiiiiin;:  (.•on  ill*  illiistrdtfd  by  i»lottitijr  ilu*  d<*(*]i  Ivvci  in  tin* 
.troll  rx.  tin*  tl(*lWt  jiot(*iitiiiI-  1*.  wliicli  (dmifUiiifr  to  iiil*  Vo^l  inoild’s  .■<(*iilii*;L' 
niii*s)  i>  jiroiioftioiiol  to  tin*  (iilVoronct*  in  otoiinV  cnbfjrii-s  ol'.tln*  il(*iVi*l  ond  tin* 
jiiKt  (i*  oibinj;  'J’iii.'i's  'loin*  ill  lijr.  •*!, foi*  tin*  .vdikt*  .ij  stdlo.'i  of .ddVc'ts  .<nii.'li: 
t nfin.i:  lot*  1’  iii  Giil’.  Tin*  itiiry*  .ff(  1*)  is  sinnioii to  o  liy]n*Hioli*.iiiivinjf  tin*  (*nt*f}rj' 
of  0  Gil  (lotijriiiifr  boini  or  o  1*  vo(*iiin*y  o.n  its  dsyinjitotc.  Oin*  coil  scc  tliiil' 
Ji(ria.so)  c!iiT(*s]ioiids  to  0  vocoiicy,  lieciittsc,  os  tin*  inojrniftnb*  of  flii*  d(*f*ct 
ji(it(*ntiol.in(*r(*oM*s.  till*  dyfccf  ntotii  liccotius  j(-.<s  : mlicss  cniiiiltii  tb  ilii*  Imst 
(recoil,  tiiot  iir  ]il*rrtirb:jlioii  tiicofy  tin*  cfittiiiiti.ir  is  inversely  ]irii]iorti(ii’dl  to 
on  en(*rj5;>*  (leiiotHijiotoi*  of  'ird(*i*  1*),  niitil  -iof  r=sso  tin*  defect  is  totblly  ttn* 
coupled,  iiiUii(*ly  o  voi*iin(*y  (iS]i  Onci*  otn*  reco|rnm*s  tliof  tin*  jijiysics nf  dcc)i 
levels  rt'siths  iti;  0  iiyperboldlike ctirve  vE’tTls  the  problem  of  prediciiiirr  d(*(*p 


valence  oana 

I  I  I  1  ;  I  I  I 

-50  -40  -30  -20  -10  0  10  20 

Cei'ecc  potential  lev) 

ri.ir.  -  Ko'TJ.'V  Icvt'ls  ill  tin-  lniiid  oop,  os  c.o|ciilot(*d  by  IbiAtSiAlisox  i-t  (/b[lll, 
rx.  (IclVcl  tH'teiitiol  fur  .1,  syiiiniciric  stoics  of  delects  un  tbe  1’  sin*  in  (lol*.  oiler 
ref.  (.'1].  Note  tiiol.  if  iln*  tlicory  is  i.ilicn  liu-roll.v  with  i-u  ollowoiices  for  o  iliciiiciicol 
inii'crioiiiiy,  tin*  s  dcfcci  is  iircdicicd  to  liove  a  dcc|t  Jevd  in  tin*  .jpip.  jii.st  sliiiliil.e 
Ijuluw  I  lie  uuiidiic.ioii  bond  cdui.,  K.s]icriiiiciii;(]ly  ii  is  luiuwn  tliot  is  o  sliollow  dunor; 

Iteiici.*.  uiic  iioist.  moke  . . .  for  tin*  iiiiccrtointy  in  tic  ilivniy  olid  K'cioriiii’.e  tliot 

ill  toci  till-  dcc|i  level  for  iiiiisi  lie sli.‘,'lil Iv  above  tlie  euiidiK'tioii  bond  iiiiiiiiiiiiiii  ill  (lol*. 
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l<'Vfls  rMuH's  1(1  twd  nutiilivi's:  tire  iil(‘iiJ*v:ifiUi«*y  <!iicr;.^'  i’(oo)  ini'l 

11k*  tlnvuIidlirpotcHtial  al  wliirli  l.li(*  )‘<‘>;(iriaitt  (l(M*ji  Icvd  jiasscs  iiil(i;ili(*  "ai» 
and  (•(•asds  bi'iny  a  rcsitnaiicc. 

rijriird  (1  iilijstratcs  very  sclu'iiaiticaliy  l  lie  \viivc  fniictinns  <if  loVciv. 
nsiii;:  (inly  .v-stalcs,  I'ar  siniiilicity.  Tin*  linsl  vaJcncc  hand  nf  (hil*  has  a  iKHidiii;; 
wave  function  that  is  lar^rciy  ]’-likc,  hiit  with  a  si;rniiicaiil  (iadike  'MijiijHiiicnt. 


b) 

Tig,  6.  -  ScLciaiivic  ilhisiraiioii  of  the  wave  functions  in  the  (houdinjr.  a))  valence 
and  (iintilioiiiliji}.'.  1))  coaiiuctinn  hands  of  Gal*  (usin'ra  s«.statcniodel)and  in  thehniidin? 
(iij^ienlceii)  aiul  antihumUn?  (deeji)  levels  of  X  on  a  1*  site  in  Gal*,  after  ref.  [H]. 

Wlien or  rejilaces  P.  X  i?  nnirc  clcctr(incj:ativt'  and  attracts  clcctrojis  to  it. 
As  a  result,  the  hondinju'  hy]tcrdcc]i  Icvelhas  a  wave  function  that  Js  overwhelni- 
injily  X-liite.  with  just  a  small  (ia  coni]ionent.  The  antihiindii:;^:  deeji  level 
is  ortho'jojtal  to  the  l-yjierdee]i  lewl.  and  so  has  a  wave  function  that  is  almost 
e.wlusiveJy  Gadike.  with  only  a  small  X"  comiionent. 

All  of  these  ideas  have  heen  abstracted  from  the  Hjahnarson  ci  nl.  theory. 


5.  -  Evidence  stijiporling  the  theory. 

Tile  theory  of  Hjalinar .••n  >i  «/.  |11..1J]  has  made  liti'raJly  thonsaliils  of 
jifcdietioiis  of  h'Vcls  ami  can  account  for  an  extremely  lMr.t:c  hody  of  data. 
Jlcie  We  review  a  few  rcjircseiilalivc  ^ircdietions  of  the  thi'ory. 


MiOLizni)  n:j:Tfi:ii.vTii.x.<  ix.  --liMicoxm-CTyKs 
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3  r.  IViirf-juiictiinix..-  Kijiiin*  7  shcuif  ilnMiin-niliulo  of  tiu*  (Icojwk-vcl  wavo 
fuiictidii  Ilf  snlisiitiifinnal'S-  in  si,  as  ;i  fuiii-tion  of  ilistaiiK*  J; from  tin*  cciiK.-f. 
iii  cohiitarisoii  witli  f)»M:iroii  niirkan'  iltiuitli-  h-sonaiiro  daia  [3J. 

Tlic  01)01}  iia'asur»*im‘ii(s/.dv«‘  Uic  cliafj'V  doiisity  (//-(Jhi*  a!'  adjaival 

1<'  aiul  ii(;arl)y  tjic  S  (U-Am-I.  flu.  data  do  luif  reveal  1  lie  ]diaso  of  (lie  wave 
liiuetioiij  jiiui  so  we  have _])Iot ted  (Ally  (lie  luajfiiittKie;  even  thoujrh  the  wr.ve 
fuuetiou  itself  dseii:.:fes  rat  her  rajddly.  ^ote  that  t-lie  simple.  Hjaliniir.so». 
theory  isa’ti  exeelieiit  ajrreemeiit  witli  the  data,  for  distances  i*‘ out  to  the  sLvth 
nearest-nei;::hbor  shell,  iieyoiid  this  dislaiiee.  the  eil'eetive-inass  wiive  fiihetiou 
(which  fails  badly  for  sinall  J{)  describes  the  data  welMtidicatiii"  tiiat  the 
present  theory  \yotiid  have  been  in  evmi  more  drahiatic  agreemeiit  witli  the 
data  if  a  Coulomb  tail,  —  (  -/er  lor  r  >  hiid  been  adiled  to  the  defect  ]>otential. 
This  sueeeSs  is  liy  no  means  trivially  obtained,  since  some  theories  predict 
eptite  ihaeeiirate  wave  fiiiietioiis  for  the  .S”  decji  level  [31,33]. 


7.  -  The  aiacnitude  of  the  isotropic.  ]iart.  of  iho  w.nve  fiiiiciion  of  .a  S’"  impurity 
e’',  ’*  ^’•"‘’*’*111  of  tile  di.slaiice  Jt  (in  A)  fiom  the  imj.urity  .site,  after  ref.  [31]. 
llie  .solid  triai|.:h..«  and  circles  .ore  derived  from  ENl>i>]!  data  of  ref.  [:t2]:  the  open 
lnan!.Ie.S  and  circles  are  the  caleiihiiions  of  ref.  (.-{ll.  KiVectivemass  theon*  is  denoted 
. . .  "I"'"  Miuaics.  'I’Jic  -.'s  an.  il.c  thcorv  diseussed  in  rcf.|:t:t1. 


•3  Ijii'jt  l('ritx  ill  |I.\  I  l•ll||lJlllll||lt  xviiiiciiiiiliii'fiii’x,  —  'I’l  ••  soi  l  of  jiredietioiis 
tlic  liieory  produces  arc  illustrated  in  li.jr.  .s.  where  the  levels  a.'.sueiated  with 
ciditiiiii  \  ilet«.et.>  on  a  ."s  .>ite  in  I'd.s  are  .uiveii.  The.se  impurities,  whieli  one 


St  •  UfiiiUniili  .  I.N.VXIX 


•Till IX  1).  DOW 


482 


hiiivoly  cxpoi-t  to  bo  slmllow  iioooiiuirx.  oio.  witli  ilio  (•.\oo]>tie:ii  (ti  X. 
(kop  luvols  prodiclod  16  lie  well  wjtliiii  tbo  biiiid  jj::ip  ol  i’d.S.  This  is  undoubt- 
«‘(lly  (»iio  roiison  (but  Jiot  tbe  iiiily  roiisini)  wliy  t'dS mid  iinmy  ollior  ]J-VJ 
biatoriuls  ciipiidt  be  4(i]H*d  j/dyjio— llio  (•x]>(‘otod  sliiillo\v  )i(M'b)itpfs  nro,  in  fad , 
fU‘Op.  Tlio  oxi:dptioji  to  viiis  ride  is  N,  wbioli  is  ]ir<*ilii  ioi|  to  yi<d(l  no  (loo)) 
in  tlio  gap  and  to  bt^a  sbbllow  am'plor  Icvoi.  Iniorosl'!!.trly  onongli.  in  Zii.So 
(anotlier  II-'\T;lJOst),  Wy  d-aj.  [34]  liavo  ion-iinpliintod  X,  it  does 

lirodiico  ii  slmllc.w  iicooitlor  level— as  ;]>i'C'*i''ied  by  iConAVASlli  d  «?.  [35]. 


comiuptiod  bhail 


energy 

X 


valence  -  - 

band  sli.nllow  deep 


Fig.-S.—  Tbcoretic.'il- incdictioiu  of  -refriSO]  sbowiiig  that  llio  expected  .stundaid 
p.tyiie  sLallow  dopituis,  csccpt  X,  bti  tlie^S  site  iu  CdS  produce  <Wep  levels  in  tlio 
gap,  after  ref,  [3]. 


5'3.  Ihcoi-y  oi  jtniwl  <Ujtds.  -  SaS’KEY  d  [30]  Inive  o.xiendod 

the  theory  of  deep  levels  assoeitited  with  substitutional  point  defects  to  luiirs 
of  Sj)“iboudc<l  "(libstitutional  defeots— V  ith  pliy.sieally  trauspiireiit  results.  The 
paired  dofoct  !  ti  <>inolodik*»  tliiit  has  s  juoleouhir  orbitals  sc-rresiiohding  to 
.viike  tor  s.<y«,!thetrie)  slates  itud  er-like  (or  «.-.?ynnuet.ric)  s’-ato.*  (see  tig.  0). 
The  relevaui  Tour)  .•t-like  nioledihir  orbitals  ttve  compiled  of  7',  single*defoot 
orbitiils  polariz-il  iteritoiidienlar  to  the  spilio  of  the  tuolooule  tind  hav  •  he  ssiJue 
energies  tis  the  single-dolVct  i)-liko  T.  states.  The  two  p-like  2’.  states  of  the 
single  defect  that  are  polarized  pariillel  to  the  spine  of  the  inoleoulo  hybridize 


f{n-Llk«} 


CSO 


Fig.  9.  -  Selieiaatie.  illastratiiui  of  the  .tdike 
(T-lihc  a.  stati-.  of  a  defect  pair.  The  di-  < 
and  luoiiellas  denote  p-staies,  aitcr  lef. 


'••<yuimei ric  imili  alar  orbiails  and  tin- 
indicate  defiaa>.  lardes  denote  s.stat-s. 


u.oi.izr:t>  iv  ii:.Mir,,;vin-cTC.t;.?  _;jg3 

'nti,  rl.,-  two  .vlik,.  .-r,  .•uiitfhi.i  OI,  tiu.  .iillVivni  f„nii 

j„  ,..,ijtr„st  «  iil, 

su,trs  l.y  th.^pri-si-Un-  nf  i  .i-tV.-i 

n..Mt-  .•tMM-t.s.  I.mmvr.  olH.y  .i,  ii,l..rh,Hh- tli.-or-tn,  W),i,.k 

ini-Wi-t.  tk,.  uun  T.  l.-wj.. 

tli;it  Ihu  ;/.liki>  r.  k‘\vl  lifiM.miHws  into  a  ,j.|iko  /, 

Im-l  jiolariM  al-.n-  tlto  ni»l.r.-i,iar  spi,,,.  ,,lu:i  two  ;T-likc  r.U-vrU. 

*  4,  atid  r,  i.soIat<‘.|.,i..f(M-t-  lends  j.rodiice  the  s-ni;ie  tnoleeiila^e.. 

^ymt, terry  crdtke  srafes  ,.f  ti.e- j.ai,..,  Tl.e  itifeWaei,,.  theorem  stales  that  ievejs 

1“ !  rr 

■  I.-.)  L  n«u«.  I,(  tins  int.Tlatins  tlK'Mcni.  it  is sittMi  itossiWc  in  nsriniaic  tlin 
n  yp,.»  ,,t  Invnls  rnlntiv,.  t..  !!«■  is„l„t,.,l„U.(..,.f  Invnls  rn 

n.rini.  a  fn.yn.„tlia  nf  „h.s.\V«-itlnn„  wntMins  a  . . . 

.MV.J.V  lias  liar, .l.iiwl  tlias,.  Maas  and  aj.i'liaildii.nii  fil  tlia  iiaatasl.iialaliln.,. 

(sl.aalat.,r,,«,w,)|,,,ir,in0,,l'ms.i„).  irnd,assinnv„  ll,a,  tl.a isnlalad  ,TOa„ 
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level  (/ir,  the  (Ga.  O)  ])iiir)  ciiinml  he  driven  into  the  eondtietioii  Vmiid  hy  nny 
cleetrtiliositiye  defect  on  nn  iidjiicent  eciion  site,  hlit  that  it  can  he  driven 
into  tlio  valence  hand  hy  any  one  (if  the  hdlowiii"  im]inriiies  on  a  inda-hhorin}: 
Gii  site:  F,  6,  d.  Br.  X,  S,  .Se.  or  I. 

o’4.  Suijace  dcfechi  (ind  Ucholll-n-hmricr  heitfliix. 

5‘4i].  Core  ex(.’itons  at  surfaces.  Some  of  the  best  evidence  siiii- 
iKirtin;;  the  theory  (dimes  froin  core  exciton  exiierimetils,  hecnnscj  hy  the  optical 
alchemy  approximation  or  Z  -r  1  rule  [37],  a  core  excitoh  is  identictil  to  nn 
impurity  iitom  [3S]:  for  exani)ile.  core-excited  Ga  i.s  Gh  ]ilus  a  core,  hole  ])liis 
tin  electron  ami  (because  the  core  hole  liasMiltno.st  the  same charjte  distrihntiwi 
iis  a  prdton)  is  virlually  idenlicai  to  unexcited  Ge.  the  atom  immediately  tii 
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Fij:.  11.  -  Coiapari.son  of  .1)  esjicriiaeiii  and  J!)  th<'»iy  for  G.n  site  (110)  surf.ice  ciiic 
e.w.itons  in  «)  Ga.\s,  h)  GaSh  .aid  (;)  (ini',  after  ref.  (3li].  and  J;\  denote  valence 
and  condnetiiin  hand  '(Isjes.  'J’lie  piu|adler  denotes  the  eo.e  exeiton  level.  The  liori* 
zuntal  lint « ih-ni'ie  the  lower  pio  iiun  of  tlieintrin»iesurlace  >tate  nand-.  Tlic  theoretic!:! 
bund  »aps  iire  ii]ijiio]jnate  for  4  K,  and  hence  are  larger  than  the  ox)<erinientid  !::i]>'‘ 
obliiined  iit  roeiii  inperiittire. 
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its  ri.trhi  iii  ilu*  ]i«Ti<Klif'  Tlni.'  (i;i  is  a  Gt*  inijnin'ly  and  con*- 

fXcitod  III  is  .Sii.  Fi;:iih's  .11  and  I:  simw  tliat.  tin*  jih*diVn*(l  siinctia  f<ir  cort- 
cxciU'd  Ga  at  tin*  sitnaci*  of  (ia-;:nni]i  =V  cuiiiiiounds  and  for  cxcitt-I  Jn 
iit'dlio  surface  of  In-.E'roui)  V  sciuieondiietor.s  aceonnt  for  (lie  data  for  core 


a) 

a) 

0  — 

0) 

0  - - / 

’ 

c) 

0  - - S, 

A) 

3) 

Fig.  12.  -  Coiui'iiriiou  of  -1)  esperimcnt  aud  V)  tUcorr  for  :be  la  site  (110)  surface 
core  escitous  iu  «)  liuls,  (•'  laSb  aud  c)  Ini’,  after  ref.  [39]. 


e.veiToits  ar  the  relaxed  (110)  surfac-s  of  Tlio.se  mavorial.'  [39].  The  tiieory 
also  prodicT.s  a  transition  from  .shallow  ei\Vo.tive*maj!.s  exciton  behavior  to 
deep  exeitoti  behavior  for  the  Si  I'p  core  oxoiton  in  aUoy.s.  Evidenee- 

of  this  ba.s  been  reported  very  recently  by  Bontcr.  of-  oi.  [3S]. 

5'4.2.  ].»efeel.s  at  stirfaees.  .Vu  impurity  at  a  surface  has  eiieifty  levels 
very  similar  to  tho.se  of  an  (itiiptirily.  vacatiey)  j>;  :r.  beeau.se  the  surface  (in  a 
iiearest-neiiLdibor  ri.t;lil*biiidinj:  tiioilel)  can  be  created  by  in.sertiii}:  a  sheet  <»f 
vacain*ii*s  into  the  biilh.  so  ih:.i  the  iin.-.irily  and  the  vacancy  n<*.vt  to  it  form 
a  ]iair  wIiom*  eiierj-T  levels  are  otily  sli-jlitly  iierturbed  by  the  iiion*  di.staiit 
Vacancies  of  tin*  sheet.  To  be  sure.,  one  niiist  account  for  lattice  rela.Xalion  at 
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I  Ik*.  suffiU-e:  JU'Vcrtlioloss,  I  Ik;  essciitiiil  quiijilalivo  ]iiiysi(-s  nl'  iii-:Vfts  al  siirfaris 
is  tlK*  Siina;  as  f«ir  ((U*f(‘(‘t.,A'arai)(-y)  jiiiirs.  Tlivr«‘fi»rf,  liu*  ilcoji  lovcls  of  .•.iirlaco 
KlofwiSiCaii  liy  fioniinilvd  iisiiijr  (•<].  fT4),.ainVtlK*  biisir  jdoa.s  levels 

iiss(a'ialo(l  witli  snbslinitiojial  iiofoots  I'aiTy  over  to  tin*  surfaw  defocl  )iroV|loiii, 
wliorc  lliy  secular  <‘quatin)i  is  forthally  llic  saiiic  as  «•(].  (J-ji.  but  its  cvaiii- 
atibu  is  considerably  tiiore  coniidicated  due  to  the  mluccd  .'yinineli’y  of  ibe 
defei  t . 

Oho  ladnt  that  should  br  0111  jdilLsized  is  tliat  a  surface  is  a  liiw*  jierturbai  ion, 
iind  tlie  (liej)  Urcls  (t.mc.hiic(l  iHiii  «  surface  impiirili)  ore  Uh-lii  1"  Hr  xrrmii 
icitihs  of  on  x-y  (listavl  from  iiic  rnrh'/ijxjndhuj  hull:  hnpuriln  Irri  ls,  Indeed  the 
number  Ilf  doepdevels  bontid  in  tlio  gii]):inay  ito  dili'erent  for  a  stirface  defci  l 
from  t  ill*  number  for  the  same  defect  in  the  bhlic.  Iii  jiarticular,  impuriiii's 
thiit  are  ••  shallow  #  in  the  bulk  often  produce  one;  or  even  '.wo,  deep  levels  in 
the  gall  wjien  they  re.side  at  the  surface.  l*'or  example,  a  neare.st-neiglibi'r 
pair  of  P  impurities  in  Si  i.s  predicted  to  produce  fi  deep  level,  although  i.solated  I’ 
i.s  a=  eln.ssic  .shallow  doiibr  [30]. 

5'4.S,  Schottky-barrior  heights; 

S’4.S.l.  Bardeen’s  model  of  Fermi-level  pinning.  In  1947  B.vrdi;e.v  [4(i] 
proposed  that  the  .Schortky  baiTiers  that  occur  at  mctahsemicojiduetor  inter¬ 
faces  are  due  to  Fermi-level  pinning  I'y  states  at  the  interface.  .Stated  simply 


vatw.-f  aanct 


stmisonauctor 
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rijr.  Hi.  -  •'rchoaia'ic  illa.'ir.nini  of  liaiiil  licadi.i" 
xiic  baxlevi.  niotivl,  aflcr  ref.  [y.. 


and  .-icIir.tTky.n  irricr  fonnaiion  in 
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f(tr  s»‘inir^iHlu('rrtr.  :tju*  l'vnHjUVw^  ui  tli«*  bulk  scuiicdii- 

ilu<'lor;;iIi»r  iiu‘t:il  jiuil  tlH*  ;!;**!iii(!i.ti>dinMdr  siirl’ucv  ali^rii  i«i  vbri'trfijiic  «‘(ji!iintriiiiiu^ 
At  zuro  ndiiin'hihivd.  tlic  F<*fnii.U‘Vci  of  the  schiiiMUKliictdt*  stirfiiVo  i>  tlic  I«*A*f! 
ilito  Avliii'lidlu*  iivxr  okM-irmi  faU.-s,  aiijl.  if-tliis  is  a  boinut  Icvt'l  iii  tiu*  gaj» 
a.-ssociaU'ii  \vit!i  iU‘lVi-t .  i;lVarj;:o  wilfilow  atid tiic  host  oiu'firj’  hiinils  Avili- 

beud  liiitii  .Hiis  jcvolvaii.jriis  witli  rlio  IVfitti  icvcl  of  tho  balk  si*inico:iduerof 
13);  This  causes  a  .Sciiottky  barrier  to  fofni. 

"5’4;3;i’.  Spicers  uative-defeet  niiidel.  St'ldii;  and  co-workers  [41],  liarc 
ciiamiiiotied,  tiie  notion- that  llie  Bardeen  stales  responsible  for  Fcrini-love] 
ipiniiing  of  III-V  somicondnetbrs  are  deep  levels  associated  with  native  surface 
defeets.  iii  this  inodel.  the  Sehottky-barrief  height  for  H-tyjie  material. is  the 
binding  etiergA*  of  the  surface  deep  level  with  respect  to=tlie  eondiielion  hand 
eiftre  (see  fig;  13).  ^ 

3’4c3.3;  Allen’s  tlioory  of  Sc.hotrky-ljari  ier  heights  in  III-V  .seniiconductors. 
AlLEX  VJt  al,  [42, 43]  Inivo  calculated  the  hi mling  energies  of  deep  iovels  produced 
by  yarious  jlefe(*t.s,  nath'c  a nti.site  defects  in  particular,  at  the  (lid)  surfaces 
of  IIIiY  coinpoiihd.s  and  ternary  III-V  alloys.  This  approach  followed  an 
earlier  suggestion  by  D.4V  ct  «1.  [44]  that  Fermi-level  pinning  by  deep  levels 
as.?Cf6iaced-with  surface  vacancies  niigbt  account  for  many  Schottkydiarrior 


Fig.  14.  -  Predicted  and  observed  ScUottkyUjarrier  heights  in  III-V  alloys  is,  .alloy 

coatjiositiea.  after  ref.  [40]:  •  tbeoty  (GaAsi. - —  exporitnoiit  (A'  ).  The  tbcoty 

assuiacs  Ferati-levcl  pinning  by  a  cation  on  ait  nnioii  .site  at  the  Au/.'icaiicoudactor 
coittaot. 


height  data.  The  r<‘sults  of  .Vilen's  calciilal iitns  ftir  ih-cji  levels  a.s.soeialed  with 
surface  eation-ou-aiiiun-siie  impurities  [4;";  40]  are  given  in  Jig.  .14.  when-  they 
are  in  reinarkiihlc  agiveineiif  with  the  data.  This  simple  theory,  whi'di  has 
hcoti  disciis.Ned  ill  detail  alscwlicre  [-l.-tj.  i.N  ejijiahle  of  e.\]ilainijig  no  ‘leroiis 
onco-piizzling  e.vjiorimental  faet.s.  Kermi-le’  juniiing  hy  attlfsite  directs  at- 
eoiint.s  for  the  Silioitky  harriers  beiweeii  iionreactive  metal.'  and  i.'ost  IIJ-V 
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.s<*ini<‘«ii<lH<,‘lor.s.  Paiijiliii;:  IhukIs mu- «‘.\*iriusif  tlfforis  wlioji 

reiU’tivc  liictiils  or  sjuM-ial  siirfaro  )ir«‘i»arati»his  aiv  involvcil  fjii],  .SA.vJOiV 
-fi  «/.  [47i;]ia\v  slipwii  hM'iMilIy  tliat  ]»iir<U‘cirs  iiii'as  l•all  ItV  apjilaai  to  81  a> 
Avoir  as  to  till*  III* V-s:  Solipt  Iky-liarHoi;  data  fur  8i/lri:nsiiinii  Jiiclal  silioidi* 
iniorfacos  va»  imdorsloiai  iji  t<!rins  of  i'frini-loA'oJ  l>y  iiilorfaoial 

dangling  lioiuis.  TliU  \VorIc  uuiiiOs  tlio  tiiidcrstaJidiiig  of  .Solidtlky-ljanior 
iieiglits  of  IlliV  stonifondm-tors  aiid  8i  and  uls«.  cxjdahi*  tvliv  fm'-snifavo 
oalvtiiatipnii  givo  good  ostinialos  of  tjio  I'crhn-loyid  ininihig  jaisitieais  of  intor- 
faciiil  defocts.  Ilonci'  it  apiM-arslikoly  Unit  tin?  Scliottkydjarrii’is  on  Hie  euniinun 
semiconductors  liavc  liejglits  doterinhicd  liy  surface  do<*i»  levels  iiiiosi  associated 
with  A'arious  native  defects).  o 

STi.  Inirhisic  surfuec  utaUs.  -  In  a  jiearest-neighbor  tiglii •binding  mode), 
a  simiilc  way  to  create  a  surface  is  to  ins(*rt  a  sheet  of  vacancies  into  a  Inilk 
semiconductor.  The  deep  deveks  associated  with  tliis  sheet  defect  are  stirfacc 
states.  Tlierefore,  the  biisic  tiieiiretictil  iipjmtach  to  the  deep-level  inobjcm 
applies  to  picdieting  surface  s' it c.>  as  well.  There  are.  of  course,  maiiy  technical 
problems  iissocia ted' with  effieivnily  solving  the  .secitlar  equation  (14)  for  surface 
siates,.)i.t  relased  and  reconstructed  surfaces.  .Tho.se .difficulties  are  beyond  the 


Sur.'afe  ivave  I'fctc.*  It 


rig.  i.'i.  -  .^tirfiice  st.aTe  dc-porsiim  rcl!Hioti.<  .as  incasnred  [41*]  and  ]ii*  licted  (4S.riU] 
for  lap,  .'.fier  ref.  [40]  and  [3]:  —  —  —  .sel£*consisieiii  pscudupoicinial.  — —  tighi 
binding.  •  data. 

seo]ieofthe])resent  work  Xeveri)ie)e.ss,ealenhitiotisofintrin.siesnrfaeestale 
di.sjtersion  curves  have  lieen  «*xeeined  liased  on  tins  jimile)  (  Jj.].  Tyineal  results 
are  given  in  tig.  l.’i  for  tin.*  reJa.\<Ml  (1  io)  surface  of  Ini*  .Vs  w’th  the  jne- 
.lietions  of  deeji  !eve]>  a-ssn.-iatei)  willi  ]ioitil  defects,  the  .snrfaei*  state  ]»i<*iiie. 
lioij>  are  eoinjiaraltly  accurate  witii  th*-  I'cnI  locaPdensily  liieories  [40.  aoj. 


mhriii!ATU>x»  is  sj:Mii;0xbi:ci6i:s  •  4^9 

<».  -  .Mclastulilc^aili>3's. 

Tlii*  i<h‘as  (U*v(*liijuMl  loi-  liTatiii,!:  liaiiil  .stmMur«‘S  ati<l  iinjtiiriiy  levels  <-a)i 
iiy  apfilicil  to  iTOMinj;  la)%"i'  |•|^|l(•o:lt^alilMLs  of  <•  itupnritiVs »  ami  to  javiliiMiiij:' 
pila.-sf  ti‘iai.sirioj|s*i!i.allby.s.  JNM'bhfly  GjJKKNi;  W  «/.  [ni]  have  ;;'ro'\  ii  mctaslahjc, 
sti.stiriitiojiali  crysfalljiu'  =(Ga-\.s),_.^(u*,^  and  (Ga.Sl)),_iGi*;.  a]l(»y.'. 
tin*  l•on■ait;iu‘Ilt.^•.  GiiAsaiKl  Gt*  oi*  Gaijli  and  Gcj  arc  iinniixcnih'  at  cqnilibrinin. 
Tlic*  (t}aAs)t_iGtv  i'iiny-'*  a  V-sIiaiicd  bowing  of  tin*  fnmliinicnta]  band 

gap  as  a  function  of  alloy  couipositiou  ./•  (fig;  16).  This  bowing  cannot  be 


C  C'*2  Cti  ' 

(G3A$)  ,  ,cc>nflC3/’:i*on,yf  ^  Oe) 


Fisf.  16.  -  Direct  energy  5.ii>  of  l<'ii.4s)i.,Gcj*  aljoy^  cj.  alloy  oofni)6.Mt)on  .r.  after 
ref. -Vi:!].  The  dasiied  line  represont.*  the  ordinary  yirnwl-ciTStal  aitprd.s-iinai.ioii;  tint 
jine,rei'rc.*>onis  the  theory  of  rc(.'(^2.  TJic  data  are  iinlicat<’<i  by'eirclc<;  The 
ilieory  u.5CS  paranieterR  apinopriarr  ib  4  K,  whereas  tlie  d.nta  hie  for  room  lemperaiiirc 
(at  which  tho  h.iml  gaps  are  di.*ivrviu). 

c.vjilaiiicd  by  the  coiivcniioiial  virtual-crystal  apiiroxiniailon,  Wi.-ieli  assumes 
iiiiit  each  alloy  is  a  cry-'-'a!  \e]ois«*  .tiglii-bimling -]iar:iiiioicrs  an*  iiiterjn-!  iXcd 
botweeli  tlio.se  of-fia.As  a-Ml  tio;,  2^KW.tIA>'  «7  «/.  .'i.i'J  have  shown  llial  tlie 

V-shain*d  bowing  is  dne  to  all  order-disorder  transition  between  a  zinebhio/e 
ami  a  dianiomi  )lha.^e  (s*  e  tig,  ,17). 

In  inoileling  the  jiha.'c  transition  in  these  alloy.'.  Nj:\V5i.\.n'  was  faced  with 
data  that  rei|iiired  a  reji'oiial'dy  accurate  theory  of  elcelronie  stritcinre  valiit 
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41frc  J.  'K.  h  iiiiil  .1  .in*  jiiinihu'icrs  in  irf.  iri:*].  :inil  J{  ;iinl  R'  nir 

!if:ijV'lriu*ij:iiiH)r  siu-.s  iii  liiii*  iist‘iiiiii.i}.!ii  iaiijiinij't*.  M‘y.<l:iJIi)n‘  tiiiAs  ijs  a 
« jisiMiiUiaiitilViTiiiniryin't  i't‘i'aii>y  alt«*nial  in;:  slu*s  aiv  «n*rniMV<l  hy  (ia  («  up  «} 
alid  A>  (<•  (itiM'ii »):  tlu'  ali-nis  (« .sitiii  zitci  »i  dilnt**  lliv  «aiitif<*iT(iina;:i!Ctisin  ». 
Tin*  <■  j'jtiii'.'ipiii  »  iiit«'i"H'ii<Mi  ni*!;'liliiirs  caiisi's  As  ainiiis- !<• 

pri'lVreiilially  siim'Uinl  Ga  a  ini  iliscourajiys  tin.*  forma  of  (•liisiors  itf  oiijy 
Ga  ;iir  only  As.  Ik*! ails  of  tin*  iraniiitiiniaii.  wlii«-]i  |s  siuiiliir  to  tin*  Itliiiin*. 
JiiiH*r'\\- Griffiths  ITaniiltoiiiaii  [a4]  for  .•.•.Intioiis.  ar«*  {riven  in  ref.  [oj]. 

NtAvju.v  solved  ti.'is  ITa mill oiii.-ni,  in  it  moair-liehl  apjiroxiinatioii.  to  olitain 
tin*  equation  for  the  ordei*  liaraiiieter  J/(.v..)*^): 

d/;(J-.r)  =A-li[:i/'(.l-.v.)r. 

Here  ./*,  is  the  alloy  eompiisition  at  •■  iiieh  the  niiniimiindjahd  jiraji  is  o1)SJ*rve(l. 
<i;3  for  (GaAs)i_,Gi..j.  Tin*  order  |iaraniet(*r  is  rehifetl  to  dn*  prolialiility  thiil 
a  Gil  atom  will  he  found  on  a  iiominal  l.•atiou  site  of  an  imajrined  zinehleinle. 
liittieo:  if  tiiis  iirobaiiility  is  ilie  same  iis  that  for  findiiig  Ga  on  a  nominal  anion 
site,  then  the  crystal  stfuetufe  is  « ilianioiKl »  ainl  not  « zineblemle  ».  That  is. 
the  alloy  is  « disordered 

The*  second  Hamiltoii  ..n  is  the  Voyl  empirical  tijrht-bindinjr  theiM'-.  but 
wirii-tlie  aUqjVsj)arann}tei>-d  a^new-vii*tUiil-ci*ystnl  nppro.\imation 

that  depends  oil  the  order  paranioter  of  the  drst  HamiUonian:  The  dia^ronul 
matris  eleihents  are  interpolated  assuinin,ir.  for.e.v:impIe,  that  the  average  cation 
is  '[(1  —  .i’  -r  ~  f(l  —  —  il/l/iiAs  -f  (-t']®®*  The  energj*  band  strnc* 

tnV<? -computed  using  t  Ins  niodel  yields -a  direct  band  gap  .^d*’’)  ailoy  com* 
liosifioii  .1*  (tig.  1C)  and  explains  the  observed  V-shaped  bowing. 

7.  -  Stiiinnary. 

In  summary,  the  siiuph*  ideas  originating  in  the  work  of  Hsu.  "Wolford  and 
.Streetmai*  and  quiinrilied  in  Imth  the  Vog]  empirical  right -iiinding  scheme  and 
the  llialmarson  rlieoiy  of  defects  have  proven  to  have  \vides]n*ead  ajiplicabilitv 
to  defect  states,  interface  states.  surf:'<*e  states,  .'tchottky  harriers  and  alloy 
theory.  The  most  ren-'i-iiing  feature  of  lio*  liieory  is  that  it  is  simple  enough 
to  be  used  by  a  i:oue.\*]ierl .  and  yei  ii  produces  rather  good  pn*dii*tions  for  tin* 
« deeji  ■)  t*lecirom‘c  states  associated  with  almost  any  localized  jiertiirliation  in 
a  semiconductor. 

Cl  0  Li 

W’<*  are  grateful  to  the  (’.  Ollicc  of  Xa*.'al  b’esearch  and  th.  V.  .Army 
Ib'scarch  Ollicc  for  their  generous  support  of  this  research  (Contract  Xos. 
yinnii.,*.:7.(;.n.*.;::.  Xn(in|.i..sj.K-ii;i.-.7  ami  DA.VGJ'.»-.s.-;.K-ttlgg).  We  havi* 
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iMMuifitltMl  •rrwiljy  froiii  hiiiuy  s1imiiliilii»}»- {‘ojrwrsiiiious  wiili  <>oll(‘iii^n<‘S  autV 
siiuVuts  limtiiuliotit  llu*  l'<ivio(l  <if  this  ffs«*iircli.  TIh*  author  ajioloyiws  to 
tiin  many  autiiors  whose  work  he  has  not  citeil  acleyiiately;  his  solo  (*,\cu>e 
for  this  omiwiou  is  a  <lesire  to  inoseijt  litenires  fr«»m  a  uniform A'ie.wpoiiit  and 
notation.  lie  would  like  to  thank  his  (;p>authurs  cited  below  for  teaching' 
him  so  much.  In  the  ])ro])ar:irion  of  tliis  manuscript,  he  bouoflttod  from 
convonsai ions  with  I».  yjnmi.icai,  J».  JE.\ia.v.s.  G.  Kim,  K.  Kewmax,  J.  Seen 
and  1).  ^\'ou^OI:^). 
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The  x^ray  photoemiaion,  absorption,  and  emission  spectra  of  a  one*diinensiona.’  tight-bihdinj 
model  for  a  biiiafy  metallic  alloy  A  are  eval^ted  in  a  change  of  mean>nc]d  modei;  The  .''m> 
bined  effects  of  disorder  and  muitielecti'oh  excitations  are  included.  The  extent  of  the  ':symmemc 
tails  of  the  x*fay  photoemission  lines  depend  oh  the  local  chancter  of  tlie  Fermi-energy  status  in  th: 
vfcinity  of  the  core  hole;  this  effect  could  explain  the  lotig-standing  mystery  of  why  Na  !r  Iihe*  in 
hiaiWOj  are  symmetric.  Featurei  in  the  absoipt,.>n  and!  emission  spectra  reminiscent  of  the 
anomalous  ramplike  thresholds  observed  for  absorption  by  rare>gas  atoms  in  alkali-muta!  hosts  are 


also  found. 


1.  INTRODUCTION 

As  a  first  step  toward  understanding  the  x*ray  absorp> 
tidni  emission^  and  photoemission  spectra  of  binary-alloys, 
we  present  here  the  results  of  model  calculations  for  a 
one*dimensionai,  su^titutional,  crystalline,  binary,  alloy 
The  model -treats  a  single  orbital  aiid  a  single 
electron  per  site  in  a  nearest-neighbor  tight*bihding  ap¬ 
proximation.  Many-electrpn  effects  due-to  the  final-state 
interactions  of.the  dectrdn;-  with  the  core  hole  are  treated 
in  a  change-of-mean-fieic  approximation.'  Hence,  the 
model  exhibits  features  associated  with  both  the  “x-ray 
edge  anomalies’’^”'*  and  binary-alley  disorder.^  To  our 
knowl^ge,  this  is  the  first  study  of  the  combined  effects 
on  x-fay  spec?’.'’,  of  disorder  |n  a  binary-alloy  and  many- 
electron  f«oil. 


II.  MODEL 

The  one-electron  Hamiltonian  governing  the  behavior 
of  the  alloy  is 

M 

2  I  •hP\n){n  +  \  1  -i-l)(«  I  ,  (I) 

R  M  I 

Here  we  have  M  sit's,  |  «l  refers  to  the  one-electron  orbi¬ 
tal  centered  at  the  nth  site.  /?  is  the  nearest-neighbor 
transfer  matrix  element,  and  etn)  is  a  randor.  variable 
which  takes  on  the  values  e^_  with  probability  1— and 
ea  (with  probability  .r). 

In  the  ca»c  of  x-ray  photoerr.ission  the  band  has  -V  elec¬ 
trons  in  both  the  initi..l  are'  final  states,  but  the  inttiai- 
state  A’-electron  Hamiltonian 


changes  suddenly  as  a  result  of  the  removal  of  the  core 
electronao  the-final-state-HamiUonian 

HF-2hI>  (3)- 

where  we  have 

h'^h  +  yo\K){K\  ,  (4) 

with  R)  referring  to  the  orbital  cet’.ruted  on  the  cdfe-hole 
site:  I'o  is  the  tlwtrc .  ii.tcf.:;’..on  strength  (and  a 
negrnve  number).  The  initiar  mar.y-electron  state  of  the 
electron  gas  1 7  ),  in  this  model,  i.s  a  .Sh-tter  determinant  of 
the  lowest-energy  single-particle  eigenstate:  jd)  of  A;  the 
fin.’t*  states  I  Fv)  are  all  the  various  dete.-minaats  of  the 
eigu.rsiates 

The  .x-ray  photoemission  spectrum  is 

/(£)=  2  I  <'  Fv)\'&{E-rEF^-i:,-fu:>-e,o,.) .  (5) 

V 

where  the  summation  is  over  all  possible  final-state  con¬ 
figurations.  The  photocmissioii  recoil  energy  is 

EFy-E,=  2^i-2^i  > 

I  f 

where  the  s’ums  are  over  all  occupied  or.  -electron  states  in 
the  electronic  cc.ifif.  ration:  Fv)  anc  '/).  respectively. 
The  photocmissit.ii  line  shape  has  contrihuiions  from  wth 
spir-up  and  spin-down  'chann  Is.  It  can  bt  shown,  howev¬ 
er,  that  one  car.  evaluate  the  line  shapes  fo'  each  of  these 
channels  inuependently  and  tha'  :  se  two-channel  line 
shape  is  a  convolution  of  the  s;ncle-.'...»nnel  shape:,.' 
H-ence,  for  simplicity  of  presc  I’an.m  w«.  consider  here 
only  the  spin- up  channel,  and  v»  •  have  .\f  =  2  V. 

.\-ray  emission  of  a  phototi  of  energy  E  can  be  treti.cd 
in  a  manner  completely  ana'-ogous  'o  photoemission,  and 
has  a  line  shape 
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k(E)^^.\  {Fv\M  |7)  j^6(£— £/+£fv) .  (7)  determinant  of  A^  +  l'  i  tAfs-  A  sinijlar  expression  holds 

*'  for  x-ray  absorption.*  We  assume  that  the  core  hole  has  a 

where  the-fintd  states  1  £v)  are.Stater  determinants,  of  negligible  radius,  in  which  casefthe  c.poie  matrix  clement 

N  I  ^)’s  and  one  score,  orbital  and  the  initial  state  is  a  ^  “n  be  Mmplified,  and  we  have 


\Fv\M\I)=>Ma 


tpiiK)  tiiK)  •- 

(^v.i 

(^v;2 


_ J 

tl'.V  +  llR) 


(8) 


Here  tj(R)  is  proportional  to  the  overlap  of  .|  rp)  with  the 
core  hole  at  site  R,.Mo.  is  a.  constant,  |  if>)  is  a  scalar- 
product,  .^dwe^havea^umedt  that  the  core  hole.hu  a 
negligible  radius.*  '■ 

The  line  shaptt-/(£)  and  Af(£)s/.-(£)/M^  are  calculat¬ 
ed  as  follows:  The  dgehstates  Inland  |  t^ltuid  the  corre¬ 
sponding  eigenvalues. are  evaluated  for  a  dhe-dimensioiial 
lattiM  with  A/=40  situ  pccupii^  by  a  specific  configura¬ 
tion  of  atoms  .4  and  £,  as  determined  by  a  random- 
number  generator.  The  core  hole  is  coniih^  to  one  of  the 
ten  innermost  sites.  The  matrix  clemCTts  be^tWMn  deieri 
minantSi  such  u  v7'|£v'),  Se  evaluated  for  many  elw- 
tronic  configuratiohs  v  and  the  spectra  are  calculate. 
The  calculation  of  t  given  spectrum  is  terihihated  {i.c.,  no 
more  configuratiohs  V  are  sinciuded)  when  4he  sum  rules 
for  x-ray  photoemissipn  spectra*  (XPS). 

/"^1(£W£==1  (9) 

and  for  emission* 

/*  X(£)d£=2l^v(R)l^  (10) 

are  adequately  exhausted  (the  sum  is  over  occupied 
initial-state  orbitals  rpih  The  calculations  arc  repeated  for 
(typically  100)  different  atomic  configurations  and  ttyp^ 
ically  aslO  per  atomic  configuration)  dif.Vrent  core-holt 
sites,  Gaussian  broadened^  and  ensemble  averaged.  The 
ensemble-averaged  spectra  are  displayed  in  Figs.  1  to  6  for 


(E-ha,-€„„)/2|B| 


FIG.  1.  Predicted  x-ray  phoioemission  spectra  for  core  exci¬ 
tation  of  the  A  site  in  as  a  function  of  the  emitted 

electron’s  energy  £,  for  x  =0.2  (dash-dotted  line),  x  =0.4  (dot¬ 
ted  line).  X  =0.6  (dashed  line),  and  x  =0.8  (solid  line). 


Vo  =  -2\P\,  €b=2\P\,  &nd€A  =  ~2\0\  for 
x  =i0.2,  0.4,  0.6,  and  0.8. 

III.  RESULTS 

The  results  can  best  be  underafuc-d  in  ten.is  of  the 
broadened’  densities  of  states  displayed  in  Fig.  7.  In  all 
cases  the  Fermi  surface  lies  within  a  band  and  the  system 
is  met^lic. 

A.  X-ray  pbotbemission  spectra 

For  a  core'hole  created  at  an  <4  site  (Fig.  1),  the  x-ray 
photoemi^ion  spectra  exhibit  long  tails  associate  with 
low-energy  excitation  of  Fermi-siirface  electrons  for 
X  »0.2  aiid  0.4;  biit  not  for  x  =6.8  of  6.'6.  The  reupn 
for  this  is  that  the  onerelectfoh  states  near  the  Fcrihi  sur¬ 
face  are  ^-likerfdr  x  =6.2  and  0.4,  but  arc  £rlike  for 
X  =6.8  of  0.6  (see  Fig.  7).  Only  the  /l-like  states  are  effi  ' 
ciently  excited  as -the  shock  wave  due  to  the  ^-site  core- 
hole  creation  ..propagates  outward,  the  £-iike  electVon 
states  at  the  Fermi  energy  for  x  =0.6  and  0.8  do  not 
thoroughly  overlap  with' and  couple  to  the  ^t-site  core 
hole,  and  are  not  so  easily  excited  a.s  &  result  of  the  edra- 
hole  creation.  Kcnce,  the  <4-site  .XPo  lines  for  x  =0.6 
and  0.8  do  not  have  long  tails  for  negative  E-^~€ion, 
but  the  lines  for  x  =0.2  and  0.4  do.  (Simila.ly,  creation 
of  a  £-site  core  hole  produces  a  long  XPS  tail  for  x  >6.5 
but  not  for  x  <0.5,  as  shown  in  Fig.  2.)  Thus  we  have  a 
clear  dependence  of  the  shape  of  the  XPS  line  on  t!ie  ch^- 


(E--hat-e„,e)/2|)3l 


FIG.  2.  Predicted  5-site  x-ray  phoioemission  spectra,  as  in 
Fig.  1. 
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FIG.  3.  Predicted  x-fay  abso^tioh.spectra  XiE)  far  excita* 
tion  of  a  core  level  at  the  A  site,  with  notation  as  in  Fig.  I. 


acter  of  the  Fer..ii-energy  electrons  at  the  site  of  the  core 
hole. 

The  asymptotic  theory  of  Doniach  arid  Sunjic''  for  exci< 
tation  of^'a  fre^electron  gas  is  valid  for  electron  energies 
£  near  the  phdtoemissipn  threshold  eiiergy  Ej-  and  gives 
an  XPS  line  shape 

I{E)ci{ET-E)-^*^e{ET-E).,  (11) 

where  6  is  the  unit  step  function  atid  the  exponent  A  is 
expressible  in  terms  of  5/,  the  change  of  Fermi-energy 
phase  shifts. of  ah  electron  as  a  result  of  the  potential  of 
the  core  hole; 

A*  22(2/  +  !  (12) 

ImO 

this  asymptotic  line  shape  does  not  depend  on  the  charac¬ 
ter  or  density  of  states  h^r  the  Fermi  energy,  except 
through  thf  phase  shifts  5/.  Nevertheless,  our  calcula* 
tions,  which  solve  a  Dohiach-Sunjic  type  of  model  for  all 
energies  (riot  just  for  E-*Et),  show  that  the  extent  of  the 
XPS  tail  does  indeed  depend  on  the  character  of  the 
Fertni-enefgy  states. 

This  behavior  may  have  been  observed  in  sodium- 
turigsten  bronzes:  Campagna  et  al*  and  Chazalviel 
el  al.^  have  reported  both  an  asymmetric  W  XPS  line  and 
ari  excessively  symmetric  N'a  U  XPS  line  in  Na,W03;  the 
latter  canndt  be  explained  by  the  asymptotic  theory,  [Eq. 
(11)].'°  It  is  noteworthy  that  in  the  simplest  model  the 
Na  states  do  not  contribute  to  the  conduction  band;’*’’" 


(E  +  €co,.)/2|/3| 


FIG.  4.  Predicted  B-site  x-ray  absorption  spectra. 


FIG;  5.  Predicted  /<-site  x-ray.  emission  spectra. 


hence  the  Na-like  character  of  the  Fermi-energy  states  in 
Na,W6j  should  be  small— and  by  analogy  with  the 
present  results  we  expect  the  Na  XPS  line  to  be  quite  syiri- 
irietric.  Hence,  the  present  theory  indicates  that  the  large 
asymmetric  tail  predicted  on  the  basis  of' the  asymptotic 
Doniach-Sunjic  theory  shou|d?ndt  riecessarily'bc  expected 
when  the  amplitude  of  the  Fermi-energy  one-electron 
states  at  the  core-hole  site  is  not  large  —  because  the 
electron-hole  pair  excitations  of  those  states  (which  are  re¬ 
sponsible  for  the  longiail)  cannot  be  efficieritly  achieved. 

A  second  iriteresting  feature  of  the  /I-site  XPS  spectra 
is  the  small  blimp  for  x  sO.2  and  6.4  n^r  E-fia 
— fcofe=s“2!  /S|  (  =  I  Fo  I  here)V which  we  associate  with 
transitions  of  the  electron  gas  that  leave  a  hole  iti  the 
bound  state  below  the  A  band.  (This  bound  state  always 
occuh  in  one  dimension  and  is  caukd  by  the  attractive 
electron-hole  interaction;  it  lies  of  order  s:  |  Fq  |  below 
the  band  bottom.) 

The  XPS  spectra  at  the  B  site  are  especially  interestirig. 
The  lines  for  x  —  0.2  and  0.4  are  nearly  symmetric  be¬ 
cause  the  Fermi-energy  states  are  largely  ^-like  and  not 
efficiently  e.\cited  by  a  F-site  core  hole.  They  are  also  al¬ 
most  recoilless  (viz.,  at  zero  energy)  because  the  .F-like 
states  that  are  perturbed  by  the  core  hole  arc  unoccupied 
and  therefore  do  not  contribute  to  the  recoil  energy  [Eq. 
(6)].  The  X  =0.4  spectrurii  has,  in  addition  to  its  recoil- 
less  peak,  a  weak  high-energy  pe.ik  ass(H:iated  with  recoil: 
The  on-site  level  at  is  pulled  b.‘low  the  Fermi  level  by 
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'Fi&.  7.  One-electron  density  of  states  (times  2 1  /3 1 )  of 
vs  £  (in  units  of  2 1/?| )  for  x  =0,  0.2, 0.4, 0.6, 0.8,  and 
'1.0,  The  Fermi  energies  are  denoted  by  Ef  and  occupied  one- 
electron  statK  are  shiided.  Note  that  the  one-electron  states  at 
the  Fermi  energy  are  ,4-like  for  x  <0,5  and  S-like  for  x  >0.5. 


the  electron-hole  interaction,  becomes  occupied,  and  con¬ 
tribute  to  the  recoil  energy.  (This  effect  was  predicted- 
first  fbr  d  state  by  Kotani  and  toydzawa'?  and  then,  in  a 
different  context,  by  Mehreteab  and  Dow.'^)  As  the  alloy 
composition  x  and  the  Fermi  energy  increase,  local  alloy 
configurations  which  lead  to  recoil  become  more  probable 
and  the  recoil  peak  grows  as  the  recoilies  peak  decrease 
in  amplitude.  For  xaiO.S  the  Fermi  energy  lie  within 
t  Fq  I  of  eg  and  the  recoil  peak  is  dominant..  Bumps 
below  the  main  peak  are  associated  with  the  alloy  disor¬ 
der. 

B.  Absorption  spe-;'ra 

The  absorption  spectra  for  the  core  hole  on  an  A  site 
(Fig.  3)  are  generally  weak  because  of  the  predominantly 
£-like  character  of  the  unoccupied  one-electron  states. 
The  strongest  spectrum  is  for  .x  =0.2  and  corresponds  t.- 
a  case  in  which  there  is  a  reasonable  amount  of  A  charac¬ 
ter  to  the  final  state. 

For  a  core  hole  at  a  £  site  the  absorption  spectra  (Fig. 
4)  are  stronger  because  the  B  hole  couples  strongly  to  the 
B-like  unoccupied  electron  states.  Even  for  .x  =0.2  there 
is  some  B  character  to  the  Fermi-energy  states,  and  the 
absorption  edge  (at  the  left  of  Fig.  4)  becomes  more 
abrupt  as  .x  and  the  B  character  of  the  Fermi-eiv.rgy 
states  increases.  In  general  the  spectra  exhibit  low-energy 


absorption  edges  and  bunips  at  higher  energy  that  are  de¬ 
rived  from  the  hole-perturljed  bumps  in  the  densities  of 
states.  [The  van  Hove  singularity'''  at  the  band  maximum 
is  weakened  both  by  the  matrix  dement,  Eq.  (8),  and  the 
alloy  disorder.] 

An  especially  interesting  feature  of  the  calculated  £-rite 
spectrum  for  x  =.’';.2  is  its  low-energy  edge  —  which  does 
not  show  the  expected*’^  peaked  threshold  behavior 
(predicted  for  free-electron  metals): 

X{E)cc{E-ETf'’’‘e(E^ET) ,  (13) 

where  Er  is  the  threshold  energy  and  oq  is  th,  x-ray  edge 
exponent.'*  Instead,  the  threshold  line  shape  is  very  near¬ 
ly  a  linear,  function  of  energy,  ao^:—  1.  Such  behavior  is 
what  has  been  observed  for  rare-gas  atoms  in  alkali-metal 
hosts  by-Rynn  and  cb-workers,'*’  and  has  remained  a  ma¬ 
jor  unexplained' anomaly  for  years.”  The  present  work 
suggests  that  the  “anbirialy"  may  be  a  consequence  of  the 
hon-£  character  of  the  Ferini-surface  states. 

C.  Emission  spectra 

The  emission  spectra  for  an  .4-site  core  hole  evolve  in 
an  interestin.  ashion  as  a'f^unction  of  coinposition  x.  For 
small  X,  X  =C.2,  the  spectium  exhibits  a  low-energy  peak 
associated  with  a  band-bottom  van  Hove  singularity  ''*  (see 
Figs.  5  and  7)  that  has  bMn  partially  amputated  by  disor¬ 
der:  it.also  has  a  high-energy  edge  with  a  peak  reminiscent 
of  an  .X-ray  edge  anomaly  (Eq.  (13),  with  E  and  rc*  . 
versed].  For  x  =0.4,  0.6,  and. 0.8,  additional  features  as- 
sociafbd.with  alloy  disorder  as  m.^nif^ted  ih:the  densiti&=- 
pf  riates  (Fig-  7)  are  reflected  in  the  spectra.  In  addition, 
the  X  =0.6  and  0.8  specf'ra.have  weak  high-energy  edgw : 
(that  are  more  or  less  ramplike  functions  of  energy)  be¬ 
cause  the  Fermi-energy  stales  arc  -B-like  ajd  do  not  couple 
effectively  to  an  ,4  hole. 

On  the  B  site  the  spectra  are  dramatically  different, 
showing  bumps  associated  with  the  allov  disorder  (shifted 
by  the  electron-hole  interaction),  high-energy  x-ray  edges 
(Eq.  (13)],  for  x  =0.8  and  x  =0.6  that  weaken  as  the  B 
character  of  the  Fermi-energy  smtes  is  lost  with  decreas¬ 
ing  X.  For  X  =0.8  there  is  a  high-energy  x-ray  edge  (near 
£-fecore=P)>  remnants  of  a  van  Hove  singularity  in 
the  density  of  states  (near  E-ffcorc— ~  |£1 ),  and  a  weak 
low-energy  peak  (near  E-f-fcore^^ -■♦!/?  1 1  associated  with 
the  density  of  states:  B  character  is  mixed  into  the  /4-Iike 
states  by  the  alloy.  The  prominent  x-ray  edge  occurs  be¬ 
cause  the  B  hole  efficiently  excites  the  B-like  Fermi- 
surface  particle-hole  excitations.  For  x  =0.6  to  x  =0.2, 
qualitatively  similar  structures  appear,  most  of  which  are 
peaks  shifted  by  the  electron-hole  interaction,  but  associ- 
.-ited  with  the  disorder  as  reflected  also  in  the  densities  of 
states.  The  strength  of  the  emission  weakens  as  the  B 
character  of  the  Fermi  surface  is  lost  (as  x  decre.-’ses). 
Also,  the  high-energy  x-ray  edge  weakens  and  becomes 
ramplike  for  x  =0.2. 

D.  Summary 

In  summary  the  predicted  x-ray  spectra  of  one- 
dimensional  Ai_^Bx  substitutional  alloys  are  rich  in 
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futures  that  arc  associated  with  alloy  disorder,  x-ray  edge 
effects,  and  van  Hove  singularities.  The  effwts  of  alloy 
disorder  found  here  are  probably  more  pronounced  than 
one  would  find  in  three-dimensional  alloys,  owing  to  the 
lack  of  multiple  paths  circumventing  any  highly  disor¬ 
dered  region.  Two  particularly  inter«ting  features  of  the 
calculated  sp^tra  appear  to  hold  promise  for  e.xplaining 
some  old  mysteries.  ;i)  The  anomalously  symmetric  XPS 
lin«  of  sodium-tutigsten  bronzes  appear  to  be  related  to 
the  fact  that  the  character  of  the  one-electron  states  at  the 
Fermi  energy  is  such  that  these  states  are  not  efficiently 
excited  by  a  Na-site  core  hole,  and  (ii)  the  ramplike  linear 
absorption  thf^holds  of  fare-gas  atoms  in  alkali-metal 
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hosts  appear  to  be  related  to  the  fact  that  the  Fermi- 
surface  states  at  the  rare-ga.s  site  dp  liot  have  sufficient 
alkali-metal  character.  An  interesting  prediction  of  the 
model  is  that  the  emission  spectrum  from  rafe-gas  atoms 
in  aikali-metal  hosts  should  also  have  famplike  thresholds 
rather  than  edge  anomalies.  It  would  be  gratifying  if  this 
prediction  were  verified  experimentally. 
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The  electronic-structures  of  the  pseudobinary  alloy  semiconductors  Pb|_^Sn,Te  are  analyzed 
using  a  tight-binding  model  with  spin-orbit  interaction.  The  densities  of  states  and  the  band  gaps 
at  the  L  point  are  computed  for  both  the  elTcctive  media  using  the  virtual-crystal  approximation 
and  the  realistic  media  employing  the  recursion  method,  and  the  results  are  compared.  Both 
theories  exhibit  alloying  effects  .such  as  band  broadening,  energy  shifts,  and  bimmock's.band- 
ciossing  phenomenon.  However,  significant  deviations  from  the  yirtual-crystal  approximation  are 
found  for  the  cation-derived  r-like  deep  valence-band  states; 


I.  INTRObliGTIO.N’ 

Tito  narrow-gap  IV-VI  semiconductor  compounds  and 
their  pseudobinary  alloys  have  unique  jjroperties.  They 
have  on  the  average  five  valence  electrons  per  atom, 
small  direct  band  gaps  at  the  L  point,  and  high  static 
diejectric  constants  of  order  10-\  They  often  show  a 
variety  of  anomalous  thermodynamic,  acoustic,  and  elec¬ 
tronic  properties; Pb)_/Sni,Te  is  an  especially  in¬ 
teresting  semiconductor  alloy  because  the  symmetry  of 
valence-  and  conduction-band  edges  of  SnTe  is  reversed 
compared  to  PbTe  and  other  IV-VI  semiconductors: 
The  conduction-  and  the  valence-band  edges  have  Lj 
and  Lj"  symmetry,  respectively,  in  PbTe  and  most  other 
IV-VI  semiconductors,  while  the  ordering  is  “Dimmock 
reversed"  in  SnTc.'"^  This  has  an  interesting  conse¬ 
quence:  the  fundamental  band  sap  closes  to  zero  at  an 
intermediate  composition  x  in  Pb|_,Sn,Te.’  This  prop¬ 
erty  of  the  fundamental  energy-band  gap  vanishing  for  a 
selected  composition  means  that  alloys  with  composi¬ 
tions  near  this  composition  exhibit  small  band  gaps  that 
satisfy  the  special  needs  for  infrared  sources^  and  detec¬ 
tors^  in  modern  technology.  Therefore  it  is  very  impor¬ 
tant  to  understand  the  eflects  of  alloy  disorder  on  the 
electronic  structures  of  these  technologically  important 
material.s. 

Recently,  Spicer  el  al.*'  have  reported  experiments  in¬ 
dicating  the  selective  breakdown  of  the  virtual-crystal 
approximation  for  deep’ valence  bands  in  Hgi_.,CdxTe 
[whic'i  is  a  covalent  semiconductor  alloy  containing 
“light"  <Cd)  and  "heavy"  (Hg)  atoms),  and  have 
identified  that  phenomenon  as  resulting  from  the  Hg  6s 
atomic  leveLs  being  significantly  below  the  Cd  5.t  levels. 
Also,  Hass  et  al.'’  have  obtained  similar  disorder  -.•ficcts 
theoretically,  in  Hg|.. ,Cd, Tc  using  the  coherent- 
potential  appro.ximaMon.  Da\is''  has  also  found  large  de¬ 
viations  from  virtual-crysi.'il  b-chav;or  theoretically  in 
wi..rc  the  cat  .ns  Pb  (-jon.figuration  os'oph 
and  Sr  Iconfigiiration  5s  "•  differ  .so  muc'  that  an  average 
cation  potential  is  meaningles.s. 

The  present  work  analyzes  the  effects  of  alloy  disorde.'- 
on  the  electronic  structures  of  the  random  alloys 
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Pb|_,Sn,Te  using  the  recursion  method  with  a  tight- 
binding  model.  Pbi.^Sn^Te  is  an  int-cresting  material 
for  this  purpose  because  its  constituc:::  semiconductor 
compounds  PbTe  and  SnTe  have  vcr>  similar  overall 
electronic  structures,  except  for  the  Dimmock  reversal 
of  the  valence-  and  conductioti-'-and  edges;  the  alloy 
contains  light  (Sn)  and  heavy  (Pb;  cations.  Moreoven  the 
electronic  band  .structures  of  these  materials  have,  large 
spih-orbit  splittii'.gs,  and  the  fundamctita!  gaps  are  not  at 
the  center  of  the  Brillouin  zone,  k=0.  Indeed,  some.au- 
thors  believe  that  PbTe  and  SnTe  are  ionic  rather  than 
covalent  materials.^  Therefore  the  usual  criteria'®  for 
the  validity  of  the  virtual-crystal  approximation  may  not 
apply. 

In  Sec.  II,  the  tight-binding  model  for  the  parent  semi¬ 
conductors  PbTe  and  SnTe  is  discussed,  and  the  recur¬ 
sion  method  is  outlined.  In  Sec.  Ill,  the  results  of  the 
calculations  are  presented  and  discussed.  Section  IV 
summarizes  the-conclusions. 


It  is  well  known  that  Pb|_,Sn,Te  forms  a  single¬ 
phase  pseudobinary  alloy  over  the  entire  composition 
range  x,  with  about  2%  of  lattice-constant  change  from 
F.iTe  to  SnTe.  .Both  compounds  crystallize  in  the  .’•ock- 
salt  structure  with  lattice  con.-Jtant  6.44J  A  for  Pblc  and 
6.327  A  for  SnTe  (Ref.  11)  at  300  K.  The  electronic 
structures  of  PbTe  and  SnTe  (and  other  IV-VI  com¬ 
pounds)  have  been  extensively  investigaitd  th-.v'etically 
and  expcrimentali.  '•*  A  variety  of  computational  t  :ch- 
niques  such  as  the  relativistic  augrnented-plane-wave 
(A'''V.i  method,''"''*  the  onhonormalized-plane-wave 
(OPW)  method,'*  the  empirical  p.seudopoicntiaI 
method,'''"'*  and  the  relativistic  Green’s  function  or 
Korri.nga-Kohn-Rostoker  method  frl.KKi  iRef.  20)  have 
been  used  to  calculate  the  electron!,  band  structur-s  of 
these  materials  More  recently,  a  .sci!‘-consi.sieni  reiativ- 
istic  .APW  caiciilation  for  SnTe  'Ref.  21)  aii(!  first- 
principles  pseudopotential  total-en.rey  calculation  for 


II.  CALCULATIONAL  PROCEDURES 
A.  Tight-bindini;  model 
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the  ground-state  properties  and  dectrdnic  structures  of 
PbTe  and  SnTe  ^Rcf.  22)  have  been  reported.  Although 
considerable  differences  ihay  exist  concerning  some  de¬ 
tails,  such  as  the  parity  assignments  at  the  L  point*'  and 
gap  structures  atxriticai; points  (for  example,  some  cal¬ 
culations’'’'*''*'  showed  a  ‘‘hump  stiuctufe,”  i.e.,  the  L 
point  is  not  a  minimum-  or  maximum-energy  point,  but 
a  saddle  point  in  Snfe),  the  gcii’eral  features  of  the  vari¬ 
ous  band  structures  mentioned  above  are  quite- similar. 
Cpncehtrating  on  this  point  and  the  fact  that  the  recur¬ 
sion  method  takes  its  most  convenient  fofm  in  a  tight- 
binding  inodel;  we  shall  use  in  this  work  the  erhpirical 
tight-biheJihg  Hamiltonian  matrix  elements  of  Lent 
ei  which  are  obtained  by  fitting  the  eigenvalues  of 
the  tight-binding  Hamiltonian  matrix  to  the  experimen¬ 
tal  band  gap  at  the  X, point  and  to  band  energies  at  sym¬ 
metry  points,  as  calculated  by  Herman  er  a/,‘' 

Since  the  relativistic  corrections  to  the  energies  of 
heavy  imateriaU,  particularly  those  including  Pb,  are 
sighificaht,"’'®  the  Hamiltonian  used  /or  band  calcula¬ 
tions  should  include  these  effects,  the  relativistic  Ham¬ 
iltonian  which  produces  the  energy-band  structure  ha» 
the  following  form:" 

H^(p'/2m)-ry+H^+^^7H' /8m 'c^-p*/Sm 'c ' 

(1) 

.  .  _  _  I 

^$0=  2  ( I /, C, R )(/.a /2)La ’CTj <fl, ;, O-', R ! -f 

K.iJ.a.a' 


where  F-is  the  periodic  crystal  potential.  The  spiri-orbit 
term  which  may  split  degenefaie  levels  is 

//„,=yitr*(VXp)/’fm'a?  ,  (2) 

and  the  remaining  ter.ms  are  the  Darwin  and:  mass- 
velocity  terms,  respectively! 

Employing  the  ideas  of  Harrison.'’  Ghadi;?'*  and  Vogl 
fl/.,'’  the  nearest-neighbor  tight-binding  Hamiltonian 
can  be  constructed, 

Ho=  2  ; a , / , tr . R ) £, a f a, /, a, K 

R.ct.i 

-f  I c,i,a,R-fd)£,,f <c,i,a,R-}-d  1  ) 

2  (  io.',cr.R>k':./(c,y.a,R'-fdi 

R.R'.a.I.j 

(3) 

where  H.c.  means  Hermitian  conjugate,  R  are  the  lattice 
vectors,  /  and  j  are  the  localized  quasiatomic  orbitals  for 
the  cation  and  anion,  a  is  the  spin  index  (up  or  down),  a 
and  e  refer  to  the  anion  and  cation,  respectively,  and  d  is 
the  position  of  the  cation  relative  tO:  the  anion  in  -any 
unit  cell:  d  =  (af./2,0,6).  the  spin-ort.it  interaction 
term  can  be  described  by  the  following  Hamiltoniah:'* 

ic,/, (7, R)(/., /2)L, ’tr, (c,;>',R|  ]  .  (4) 


As  a  basis  set,  we  used  IS  quasiatomic  orbitals  local¬ 
ized  on  each  atomic  site  which  are  assumed  to  be  mutu¬ 
ally  orthonormaiized  by  the  method  of  Lowdin:'®  s,  p,, 
Py  Pi'  ^.vi<  and  for  each  spin-up 

and  -down  state.  The  parameters  of  this  model  are  given 
in  Ref.  24,  and  reproduce  the  experimental  ba.’-;d  gaps  at 
the  L  point'  (0.186  eV  for  PbTe  and  0.3  eV  for  SnTe)  as 
well  as  the  calculated  band  energies  of  Ref.  15  at  the 
high-symmetry  points  F,  A',  and  L.  The  resulting  band 
structures  are  given  in  Ref.  24.  In  particular,  the  Dim- 
mock  reversal  of  the  band  structure  from  PbTe  to  Sr.Te 
is  correctly  reproduced  by  the  model. 

B.  Recursion  method 

To  obtain  the  den.’.i'.ivs  of  state.',  of  rbi_,Sn,Tc  alloys, 
we  require  a  theory  that  is  capable  of  predicting  the 
spectra  characteristic  of  pairs  and  clusters  of  minority 
atoms,  namely  a  theory  that  goes  beyond  the  vi.'tual- 
crystal  appro.ximaiiim  (VCAi  (Ref.  3!)  and  the 
coherent-potential  app.'o.ximaiivm  (CP.n'  (Reis.  6,  7.  10. 
and  32-36).  We  us.  the  rcwj-sion  nieihod,'’"  whicl;  ex¬ 
ploits  the  fact  that  the  Hamiltonian  matrix  for  the  alloy 
can  be  transformed  into  a  real  synsmctric  mai.-i.\  by  uni¬ 
tary  transformation  from  the  old  basis  .;)  iwith 
i=0, 1,  .  .  .  ,.V,  where  i  stand.s  for  to  a  rtew 

basis  ,  v)  (v=0, 1,2,  ....  .V;.  Thus  we  have 


/f!vi=r6v|v-l!-rav!vl4-iv-i:v-fl!  •  (5) 

With  an  initial  choice  of  10)  and  b^-O,  this  equation 
can  be  iterated  to  determine  the  recursion  coefficients  a,, 
and  bv  (v=0, 1, .  . .  and  the  Green's  function: 

Goo(£)= - ^ 

Pi 

£  —  .5{)—  ——————————— 

O' 


where  £  ha-  an  infinitesimal  positive  imaginary  part.  In 
practice  this  expansion  is  cut  off  at  some  finite  level  L 
(  =  51  here),  and  the  remainder  is  neglected.  Then  the 
local  densities  of  states  for  a  specific  site  b  and  sym¬ 
metries  /  are  obtained  from  Go.o  by  taking  the  imaginary 
pa.'t:  ( -  l/ir)ImGo.o-  The  choice  of  initial  state  jOI, 

0|=  2  =  jb./.a.R)  .  (7) 

R.o 

where  ±  means  that  each  term  is  given  a  randomly 
chosen  sign,  yields  the  local  densi‘\  of  st;iie.s  projected 
onto  the  b  ’ion  or  cation'  site  an  .  the  symmetry  i  in  a 
random  alloy,  and  the  sum  of  thes.  local-state  densities 
is  the  total  density  of  states.  Details  of  the  method  van 
be  found  in  Ref.  .'7;  computer  programs  for  exccuti.ag 
the  recursion  method  ap.*  available.'' 
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III.  RESULTS  AND  DISCUSSION 

We'first  calculatesthe  density  of  states  for  the  perfect 
crystals  PbTe  ah;’  SnTe,  employing  the  nearest-neighbor 
tightibinding  model  dikussed  in  the  previous  section. 
The  results  are  shown  in  Figs.  1  and  2.  The  dot-dashed 
curve  is  the  density  of  states  obtained  by  the  Lehmann- 
Taut  meflidd;^’  In  tliis  method,  the  Brillouin  zone  is 
decomposed  jntb  a  kt  of  tetrahedra,  and  the  integration 
over  the  Brillouin  zone  is  evaluated  using  ah  analytic  ex- 
prekioh;  The  solid, curve  i.s  from  the  recursion  .method. 
.A  i2x  12x  12-atom  cluster  was  generated  to  sithulate 
the. perfect  infinite  crystal,  and  the  local  density  of  states 
for  each  orbital  t.d  was  calculated  with  periodic  bound¬ 
ary  conditions. 

The  overall  agreement  between  the  two  methods  is 
very  good,  except  Tor  some  minor  details  such  as  the 
peak  structures  and  the  band-gap  smearing:  the 
difierences  between  th.-  reklts  of  the  recursion  method 
and  the/Lehmann-Taut  method  are  within  the  tolerable 
range.  the.£-function-iike  peaks  are  associated  with  van 
Hove  singularities'^  due  to  the  long-range  order  The 
more  or  lek  smooth  peaks  in  the  upper  valence  bands 
given  by  the  recursion  fnethoo  (solid  curve)  are  partly 
due'lO'the'finite  size  of  the  cluster  and  partly  diie  to  the 
limited  resolution  of  the  preknt  method  bec.iiise  of  the 
finite  cutoff  at  L  =51.  .We  determined  this  ay  varying 
the  size  of  the  cluster  and  L)  .Another  difference  is  that 
while  the  Lehmann-Taut  .method  clearly  shows  the  band 
gap  to  contain  ho  kates,  the  band  edges  are  smeared  in 
the  recursion  method.  The  main  rekons  for  this  are  the 
limited  reklution  of  the  method  and  the  incomplete  can¬ 
cellation  of  the  off-diagoha!  elements  of  the  Green's 
function  due  to  the  choice  of  >'andomly  phased  initial 
state,  the  band  edges  can  be  sharpened  by  choosing  an 
initial  state  1 OJ  localized  at  the  center  of  a  cluster  or  by 
investigating  the  spectra!  densny  of  states  {.is  will  be  dis¬ 
cussed  below).  In  Fig.  3,  the  contribution  of  each  orbital 
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FIG.  I.  The  vinual-orystal-appr.'  <mation  (do:-dar.he<l 
curve)  and  the  recursion-method  ‘.solid  (.urv*)  densi'v  of  states 
in  PbTe.  A  I2x  I2x  l2-atom  cluster  with  petiodic  boundary 
conditions  was  used  in  the  recursion  method.  The  zero  of  en¬ 
ergy  is  the  valence-bsnd  maximum. 


FIG.  2.  The  virtual-crystal-approximation,  (dot-dashed 
curve)  and  the  recursion-method  (solid  curve)  density  of.  states 
in-Snte.  A  I2x  I2x,l2-at6m  cluster 'with  periodic  boundary, 
conditions  was  used  in  the  recursion  method. 


to  the  density  of  states  of  PbTe  is  displayed.  The  lowest 
valence  band  is. predominantly  anion  s-like,  and  the  mid¬ 
dle  valence  band  is  cation  s-like.  .The  upper  valencei 
bands  have  dominant  anion  p-lTke  character,  while  the 
lower  conduction  bands  are  p-like  and  cation  derived. 
This  can  be  visualized  by  the  following  simple  picture.- 
The  Pb  atom  has  four  valence  electrons  (6r'6p*)  with 
free-atomic  orbit.il  energies  -12.42  and  —6.9.*  eV  (rela¬ 
tive  to  vacuum)  for  s  and  p  orbitals,  respectively,  and  the 
Te  atom  has  six  valence  electrons  (55 ’Sp*)  with  orbital 
energies  —19.05  eV  (Ss)  and  -9. "’9  eV  (5p).'‘'  The  two 
55  electrons  of  Te,  which  have  the  lowest  orbital  ener¬ 
gies,  form  an  isolated  valence  band  deep  in  energy,  and 
the  two  65  electrons  of  Pb  form  a  middle  valence  band: 
The  two  6p  electrons  of  Pb  and  the  four  5p  electrons  of 
Te  interact  with  each  other  to  form  bonding  (valence 
band)  and  antibonding  (conduction  band)  bands.  There- 


Energy  (  eV ) 


FIG.  3.  Local  density  of  states  for  cation  <dot-dashed  curve) 
and  anion  (solid  curve)  calculated  by  the  recursion  method  in 
PbTe. 
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FIG.  4.  Local  density  of  states  for  cation  (dot>dashcd  curve) 
and  anion  (solid  curve)  calculated  by  the  recursion  method  in 
.ShTe. 


FIG.  6..  The  viftiiai-crystal-approximation  (dot-dashed 
curve)  and  the  recursion-method  (solid  curve)  density  of  states 
in  Pb(i 4Sno.6Te.  A  12x  12x  12-atom  cluster  with  periodic 
boundary  conditions  was  used  in  the  recuision  method. 


fore,  alloying  FhTe  and  SnTe,  which  is  equivalent  to  dis¬ 
tributing  Pb  and  Sn  atoms  randomly  oh  cation  sites,  has 
the  largest  effect  on  the  cationlike  middle  valence  band. 
Th~e  characteristics  of  the  local  density-of-states  struc¬ 
ture  in  SnTe  are  similar  to  those  of  PbTe  (see  Fig.  4);  the 
5s  and  5p  free-atomic  orbital  energies  of  Sn  are  at 
—  12.97  and  —7.21  eV,  respectively. 

We  generate  a  model  of  the  random  alloy  Pb|^,Sn*Te 
by  randomly  occupying  cation  sites  by  either  Pb  (with 
probability  l-x)  or  Sn  (with  probability  x),  while  all 
anion  sites  are  occupied  by  Te.  The  matrix  elements  of 
the  alloy  Hamiltonian  are  derived  from  those  of  PbTe 
and  SnTe  as  follows;  On  cation. sites,  we  use  either  PbTe 
dr  SnTe  matrix  elements,  depending  on  whether  the  site 
was  occupied  by  Pb  or  Sn.  On  Te  sites,  we  average  the 
PbTe  and  SnTe  matrix  elements,  weighting  the  average 
in  proportion  to  the  number  of  neighboring  Pb  and  Sn 
atiims  to  the  Te.  Then  the  densities  of  states  for 


Pb»  ,Sn.,Te  are  calculated  u.sing  both  the  virtual-crystal 
approximation  and  the  recursion  method  for  a  number 
of  compositions  x.  Again,  the  density  of  states  is  ob¬ 
tained  by  the  use  o',  the  Lehmann-Taut  method=;in:,thc 
virtual-crystal  approximation,  and  a  12x I2x  12-atom 
cluster  is  used  in  the  recursion  meth.id  with  periodic 
boundary  conditions.  In  order  to  avoid  sample- 
dependent  results,  we  repeated  the  calculations  for  five 
differen:  alloy  configurations  of  12’  atoms,  and  averaged 
the  densities  of  states.  The  results  are  shown  in  Figs. 
5-8.  The  solid  curves  represent  the  recursion  density  of 
states,  and  the  dot-dashed  curves  are  for  the  virtual- 
crystal  appro.ximation  (VGA)  results.  Both  the  virtual- 
crystal  approximation  and  the  recursion  density  of  states 
show  the  alloying  effects,  i.e.,  energy  shifts  and  width 
changes  of  the  density-of-states  peaks.  However, 
analysis  of  the  middle  valence  band  near  -7  eV,  which 
has  the  greatest  alloying  efrect.>-.  clearly  reveals  the 
differences  between  the  predictions  of  the  two 
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FIG.  5.  The  virtual-cr>':tal-ap'pro.\inialioii  (itoi-dashed 
curve)  and  the  recur'Cion-meihod  (so  cur\e)  de:isii\  of  Mates 
in  PbcjSnn-Te.  A  12-  ,2X  12-aiom  cluster  with  periodic 
boundary  condition^  was  used  in  the  .ccui...on  method. 


FIG.  7.  The  viriual-crysial-approximaticn  (dot-dashed 
curse)  and  the  recursion-meiliod  isolid  curse)  density  of  states 
m  Pbii }Sn,, jTe.  A  12-  I2X  12-atom  ciusii-r  with  periodic 
bound.irs  condition  was  used  in  the  recursion  method. 
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FIG.  8.  the  virtual-crystal-approximatioh  (doi*dashed 
curve)  and- the. recursion>fneth6d  (solid  curve). density  oOstates 
in  Hbo,«Sno.4Te.  .4  12xl2xl2-atom  cluster  with  periodic 
boundary  condition  was  used  in  the  recursion. method. 


methods— the  effect  of  disorder.  This  band  is  a  doublet, 
with  its  low-  and  high-energy  components  due  to  Pb  and 
Sn  s  states,  respectively. 

Since  the  bands  that  e.xhibit  the  alloy  effects  which  are 
beydfid' the  virtual-crystal  appro.ximation  are  cation  s- 
like  in  character,  spin-orbit  coupling  does  not  produce 
any  novel  features  in  the  spectra  of  Pb|_;,Sn,te,  beyond 
the  spin-orbit  features  fouhti  in  PbTe,  ShTe,  and  a 
virtual-crystal  theory  of  Pb|_,Sn,Te. 

Fortunately  the  results  we  find  agrde  rather  well  with 
what  is  expected,  based  on  the  Onodera-Toyozawa 
theory  of  alloys'®— despite  the  fact  that  theory,  to  our 
knowledge,  has  not  been  applied  previously  to  alloys 
with  fundamental  band  gaps  at  the  L  point  of  the  Bril- 
louin  zone.  The  density-of-states  spectra  of  the  alloys 
exhibit  some  features  that  are  "persistent”  and  others 
that  are  "amalgamated"  in  the  terminology  of  Ref.  10. 
The  persistent  features  are  associated  with  the  cationlike 
middle  valence  bands;  the  I'b  bs-like  and  Sn  Ss-like 
bands  that  retain  their  chaiacters  in  the  alloy  because 
the  perfect-crystal  bands  do  not  overlap  in  energy.  The 
remaining  bands  are  amalgamated  and  tend  to  form  hy¬ 
brids  of  the  PbTe  and  SnTe  bands  rather  than  exhibit 
separate  PbTe-  and  SnTe-like  bands.  This  amalgamation 
occurs  becau.se  the  PbTe  and  SnTe  bands  overlap  in  en¬ 
ergy,  and  hence  mix  in  the  alloy.'®  Bands  that  fall 
within  this  amalgamated  reci.me  can  generally  be  de¬ 
scribed,  in  a  first  appro.ximaf  m,  by  the  virtual-crystal 
appro.viination. 

.Although  it  is  straightforward  to  include  a  valence- 
band  offset  in  the  calculation  by  adding  a  constant  ener¬ 
gy  to  all  of  the  diagonal  matrix  elements  of  eithc'  PbTe 
or  SnTe  <by  construction,  the  matrix  elements  of  Ref.  24 
place  the  zero  of  energy  at  the  valence-band  maximum), 
we  have  not  done  .so  here  because  the  offset  is  thought  to 
be  small  (of  order  60  meV),^-  almost  ncg.igible  on  the 
scale  of  the  figures. 

It  is  well-known  that  the  fundamental  band  gap  of 
Pb|_,Sn,Te  closes  at  some  intermediate  composition  be¬ 
cause  of  the  inverted  band  structure  of  SnTe.  We  calcu¬ 
lated  EiLi  )—L\Lo  )  of  Pbi_^Sn;,Te  a.  a  function  of 


PbTe  Pb,,,Sn,Te  SnTe 

Composition  x 

FIG.  9.  The  band  gap  E(Li  )—E(Li)  of  Pb|_,SnxTe  vs 
composition  x.  The  solid  circles  (triangles)  are  obtained  using 
the  virtual-crystal  approxiniatioh  (the  recursion  method),  and 
the  solid  line  represents  the  interpolation  of  Pbte  and  SnTe  e.x- 
perimental  results  of  Ref.  3. 


composition  x  by  diagonalizing  the  virtual-crystal  empir¬ 
ical  tight-binding  Hamiltonian  (solid  circles  in  Fig.  9). 
Also  the  corresponding  quantity  can  be  calculated  using 
the  recursion  method.  In  alloys,  the  translational  sym-^ 
metry  is  broken,  thus  the  wave  •  cctor  5:  is  not  a  good 
quantum  number.  However,  wc  still  can  define  the 
spectral-density  functions  analogous  to  those  of  the  per¬ 
fect  crystal  by  the  following:* 

44(k,£)=s  -( 1/r)  lim  Im<P,/,a,k !  G(E  -f/e) !  P,f,o-,k), 

f— 0 

(8) 

where  |  b,i,a,k)  is  a  normalized  Bloch  sum  over  all  unit 
cells  of  orbital  i  with  spin  <x  on  each  atomic  site  b  (anion 
or  cation).  Then  the  position  and  broadening  of  the 
peak  represents  the  energy  shift  and  damping  of  a  p.ir- 
ticular  quasiparticle  state  of  energy  E  and  wave  vector  k. 
Since  {L^)  has  anion  (cation)  /?-like  chaf.cter.  a 
Bloch  sum  of  (p*  on  each  anion  ication) 

site  at  the  L  point  is  chosen  as  the  initial  state  |0)  for 
iLi  ),  and  the  spectral  density  of  states  .-( Ik,£)  is 
calculated.  Then  the  gap  is  defined  by  the  differences  in 
the  peak  values  of  A{k,E),  i.e.,  £(Z,^  )—£(£„*).  The 
theoretical  predictions  are  shown  also  in  Fig.  9  (solid  tri¬ 
angles)  in  comparison  with  a  linear  interpolation  of  the 
experimental  band  gaps  of  PbTe  and  SnTe  (Ref.  3)  (solid 
line).  The  theoretical  uncertainty  in  £(Z.h“  )-£(Z,^  )  is 
~r0.02  eV  for  0<.x  <  1.  The  calculated  band  gap  is  al¬ 
most  linear  function  of  composition  x  and  compares 
well  with  the  experimental  re.sults. 

IV.  SU.Nt.\I.\RY 

The  electronic  structures  of  Pb|_,Sn,Te  alloys,  in¬ 
cluding  their  parent  semiconductor  compounds,  have 
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^been/ahajyzcd  using  4he:  tight-bindjhg ,  model  with'spih- 
orbit  interactipn.  The'densitiM  of  states  werc.cpinputcd 
Tpribbth  the  effective  media  using, the  virtual-crystal  ap¬ 
proximation  and, the  realistic  media  emijlbyihg  the  recur¬ 
sion  method;  and  the  results  were  compared.  As  expect¬ 
ed,  both  the6ric.:exhibited.  alloying  ejects  stich  as  band 
broadening  and  energy  shifts  However,  the  two 
methods  ^differed  in  their  predictions  for  the  catiorir 
derived.. Jrlike  states,,  which  experienced  the  greatest  al¬ 
loying  effect.  The  alloy  . composition  dependence  of  the 
band  gap  at  the  L  point  \vas  analyzed,  and  exhibi  s 
Dimmbek’s  band-crossing  phenomenon.  The  above  facis 
show  that  the  recursion  method  is  a  usefuhtool  for,  the 
study  of  the  clect.'onic  structure  of  random  Pbii.,  Sn,Te, 
and  in  particular  for  the;cati6nlike  middle  valence  band. 
However,  they  also  show  that  the  virtual-crystal  approx¬ 
imation  provides  a  remarkably  good  descr-.ption  of  the 
electronically  important  top  valence  and  bottom  cbnduc- 


tiph  bands.  Finally,  they  dempnstrate  that  the 
Onodera-Tpyozawa  .criteria  can  be  applied  to 
Pbji,Sn,tcveven-though  these  alloys  have  their  funda¬ 
mental  band  gaps  at  L:  the;  catibhlike  s-like  middle 
valence  bands  are  persi^ent  while  the  top  valence  band 
and  lowest  cohductibh  band  are  amaigamated. 
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We  review  throretical  interpretations  of  .Schottky  bairim  ani  Femu^level  pinning,  which  result 
when  ihstals  and  other  chemicid  species  ve  deposited  on  semiconductor  surfaces.  Experiments 
indicate  that  these  two  phenomena  are  closely  connect^,  so  a  theory  bfSchottky  barriers  must 
also  explain  Fermi-level  pinning  for  submonolayer  coverages  of  both  metallic  and  nonmetallic 
species.  Propo^  mechanisms  include  the  following:  (a)  Iiitiinsic  surface  states.  For  GaAs  and 
several  other  materials,  there  are  ho  intrinsic  surface  states  within  the  band  gap;  GaP,  e.g.,  does 
have  surface  states  in  the  gap,  but  they  are  not  at  the  correct  ener^  to  explait.  Schottky  barrier 
formation..  (b)  A/e/a/-tWuce^  gap  r/hrer.  THcm  states,  which  require  a  thick  metal  overlayer, 
cannot  explain  Fermi-levei  pinning  at  submdndiayer  metallic  coverages.  They  also  cannot  explain 
why  a  single  semiconductor  (n*type  InP)  exhibits  two  distinct  Schottky  barrier  heights. 
Furthermore,  they  cannot  explain  why  the  ^hottky  barrier  persists  when  there  is  an  oxide  layer 
between  semiconductor  and  metal.  Metal*induced  states  can  in  principle  give  rise  to  Schottky 
barriers  at  defect<free  interfaces,  but  they  M  to  explain  much  of  the  existing  experimental  data  for 
III-V  semiconductors  and  Si.  (c)  77te  classic  Schottky  model.  This  model  is  not  in  agreement  with 
ex^ment  for  III-V  *ndjGroup..iy  seiniconductors,.-but.:d6e$-appear.-to  account  for,  the 
ih^uremenb  involving  honreactiye  metals  on  GaSe— a  layered  material  expected  to  be 
relatively  free  of  defects,  (d)  The  Spicer  defect  model.  This  phenomenological  model,  now 
supported  by  .  microscopic  theoretical  studies,  appears  to  account  for  mimy  of  the  observations 
regarding  ^hottky  barrier  and  Fefmidevel  pinning.  We  review  bur  theoretical  investigations 
within  the  framework  of  the  defect  model,  which  provide  a  satisfactory  explanation  of  the 
principal  observations  for  both  III-V  and  Group  IV  semiconductors.  We  conclude  that  the  levels 
respbnsible  fbr  Schottky  barners  and  Fermi'level  pinning  arise  from  two  sourc<»:  ( 1 )  bulk-derived 
deep  levels  (e.g.,  the  deep  donor  level  for  the  antitite  defect  Asq.  ,  which  persists  when  this  defect  is 
present  at  the  surface,  but  which  is  shifted  in  energy),  and  (2)  dangling-bond  deep  levels  (which  are 
also  shifted  in  energy  acc'^rding  to  the  environment  bf  the  dangling  bond).  Most  of  the  observed 
Schottky  barriers — for  both  III-V  'ind  Group  IV  semiconductors— are  attributed  to  dangling 
bonds. 


I.  INTRODUCTION 

Schottky  barriers  have  long  been  of  interest,  and  many  mi¬ 
croscopic  mechanisms  and  phenomenological  pictures  have 
been  hypothesized  to  explain  them.  Nowadays,  however,  the 
theorist  is  considerably  more  constrained  by  the  body  of  ex- 
perimenul  fii.dings  than  he  was  only  a  few  years  ago.  It  is  no 
longer  sufficient  to  offer  a  theory  that  fits  only  a  limited  set  of 
Schottky  barrier  data.  A  theory  now  must  also  explain  the 
related  data  on  Fermi-level  pinning  at  submonolayer  cover¬ 
ages  of  various  metals  and  other  chemical  species.'"’’  For 
example,  the  experiments  of  Williams  and  co-workers’"’  in¬ 
dicate  that  /i-lnP  exhibits  two  distinct  Fermi-level  pinning 
positions,  even  for  thick  metal  depositions — one  just  below 
the  conduction  band  edge  £,  and  the  other  about  0.5  eV 
bfiow  £^.  Recently  Mbnch  and  Gant"  discovered  that  the 
.li-level  pinning  forp-GaAs  anneals  out  at  the  annealing 
temperature  of  an  antisite  defect.  A  satisfactory  theory  of 
Schottky  barriers  must  explain  such  obsert  ations  in  addition 
to  successfully  predicting  Schottky  barrier  heights. 


Here  we  review  various  microscopic  mechanisms  that 
have  been  proposed  to  explain  Schottky  barriers  and  Fermi- 
level  pinning,  and  we  exan  itie  to  what  extent  these  mecha¬ 
nisms  are  cbmpatible  with  the  experimental  data. 

II.  possible  MECHANISMS 
A.  The  clastic  Schottky  mechanism 

The  original  interpretation  of  Schottky  barriers— that 
which  is  associated  with  Schottky  himself  (and  other  early 
workers) — is  thai  charge  transfer  between  semiconductor 
an  •  metal  results  in  a  dipcie  layer  at  the  interface  a.id  an 
equilibration  of  Fermi  energies.  According  to  this  interpre¬ 
tation.  we  have 

=  (1) 

where  c  *  is  the  banier  height,  W'  is  the  work  func  .  >n  of  the 
metal,  andji”  is  the  electron  affinity  of  the  semiconductor.''’ 
Equation  ( 1)  is  violated  for  III-V  and  Gro'.m  IV  r  tmiccnduc- 
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tors,^~'-  and  this  is  essentially,  the  reason  that  Bardeen  ori¬ 
ginally  proposed  Fermi-level  pinning  by  surface  stat^  of 
some  kind.  However^  Eq.  (l)niay  be  consistent  with  the  mea¬ 
surements  for  some  more  ioiiic  systems,  such  as  some  II- 
y  I's,  and  for  relatively  nonfeactive  metals  (the  noble  metals, 
Au  and  Ag)  on  GaSe.  Since  GaSe  is  a  layered  material  ex¬ 
pected  to  have  a  low  concentration  of  defects,  this  observa¬ 
tion  indicate  that  nearly  defect-free  surfaces  can  exhibit 
"Schottky"  type  Schouky  barrier  formation. 

B.  FfirmM«v«i  pinning 

Bardeen  propo^  that  Schottky  banier  heights  are  due  to 
Fermi-icvel  pinning  by  surface  stat«.  either  intrinsic  or  ex¬ 
trinsic.'  The  nsential  feature  of  the  Bardeen  model  is  that 
the  Fermi  energies  of  the  bulk  semiconductor,  the  semicon¬ 
ductor  surface,  and  the  bulk  metal  must  align— and  that 
charges  diffusei  causing  band  bending,  until  this  alignment  is 
achieved.  Much  of  the  current  interpretation  of  Schottky 
barrier  formation  is  baud  on  this  Fermi-level  pinning  mod¬ 
el— with  many  of  the  current  controversies  centered  oh  the 
issue  of  what  agents  do  the  Fermi*  level  pinning  at  specific 
metal/semiconductor  contacts  prepared  under  specific  well- 
defined  conditions 

7.'  ini^nsic  surface  states 

Since  the  mid-  1970’s,  it  has  been  known  that  there  are  no 
intrinsic  surface  stitss  in  the  band  gap  for  the  ( 1 10!  surface  of 
CaAs,'^*”  and  sc  such  states  cannot  account  for  the  ob¬ 
served  Schottky  barriers  and  Fermi-level  pinning  on  this 
surface.  This  '--.me  conclusion  appears  to  apply  to  other  di¬ 
rect-gap  lli- V  semiconductors  like  InP.  In  the  case  of  GaP, 
there  arc  intnhsic  (110)  surface  sutes  within  the  band  gap,^° 
but  these  states  are  just  under  the  conduction-band  edge, 
whereas  the  observed  Fermi-level  pinning  position  for  n- 
GaP  (1  lOj  is  much  lower  in  the  band  gap— at  an  energy  in 
good  agreement  with  the  predicted  acceptor  level  for  the 
surface  ahtisitt.*  defect  Pq,.^' 

2.  Metal-induced  gap  states 

Tht  possibility  of  metal-induced  gap  states  at  semicon¬ 
ductor/metal  interfaces  has  been  discussed  by  a  number  of 
workers. Such  states  should  be  properly  treated 
through  u  microscopic  calculation  in  which  semiconductor 
atoms  are  bonded  to  .metal  atoms.  Only  a  calculation  of  this 
kind— with  the  interface  electronic  states  obtained  by  solv¬ 
ing  Schrodinger’s  equation  at  the  semiconductor/metal  in¬ 
terface  in  an  atomistic  picture— constitutes  a  proper  micro¬ 
scopic  theory.  Some  treatments  of  metal-induced  gap  states, 
however,  have  been  based  on  plausibility  arguments  or  very 
crude  approximations,  «ith  a  consequent  loss  of  reliability. 

In  principle,  metal-induced  gap  states  can  produce 
Schottky  barriers  and  Fermi-level  pinning.  In  practice,  how¬ 
ever,  they  do  not  seem  to  explain  the  observations  on  those 
systems  that  have  been  studieo  ap  until  now.  There  are  sev¬ 
eral  difficulties  in  trying  to  explain  the  observations  with 
metal-induce  i  states;  ( 1 )  There  is  a  clear  connection  between 
Schottky  bar  iers  for  thick  metal  contacts  and  Fermi-level 
pinning  for  submonolayer  coverages  of  metal*"'^  i.e.,  a  the- 
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pty  of  the  former  is  also  required  to  be  a  theory  of  the  latter. 
Metal-induced  gap  states,  however,  are  supposed  to  extend 
into  the  bulk  of  the  metal,  and  so  they  are  not  even  defined  for 
.^  ')monoldyer  coverages.  (2)  Theories  of  nietal-induced  states 
predict  a  single  barrier  height  for  each  serniconductor,  al¬ 
most  iiidepen'dent  of  the  metal  in  the  metal/semiconductor 
contact  and  insensitive  to  surface  treatments.  They,  there¬ 
fore,  fail  to  explain  why  two  distinct  Schottky  barrier  heigh  ts 
are  obse.ved  for  n-InF.-’'^  (3)  Schotiky  harrier  heights  are 
often  not  very  much  affected  when  an  oxide  layer  is  iriserted 
between  the  semiconductor  and  the  metal  (see,  e.g;.  Ref.  S), 
whereas  metal-iriduced  gap  states  require  an  intimate  semi¬ 
conductor/metal  contact;  j.e.,  meta!-ii  duced  gap  states  do 
not. appear  to  explain  real-world  Schottky  barriers,  which 
oft.m  involve  an  oxide  layer  at  the  interface.  (4)  Metal-in¬ 
duced  statn  do  not  apply  to  semiconductor/nqnmetallic  in¬ 
terfaces,  like  the  GaAs/oxide  interface,  which  exhibits  *he 
same  Fermi-level  pinning  as  metals.^"*  *"''*  (5)  The  states  as¬ 
sociated  with  any  adsorbate — metal  or  otherwise— cr  ft  be 
expected  to  depend  rfrongly  on  the  chemical  identity  o'*  the 
adsorbate.  Ferrhi-level  pinning  positions  arid  Schottky  bar¬ 
rier  heights,  however,  are  often  about  the  same  for  a  variety 
of  adsorbates.'*'^  (6)  Estimates  indicate  that  the  dipole  pro¬ 
duced  by  metal-induced  gap  states  w  ill  often  be  at;  least  an 
order,  of, magnitude.too  sinajl  to  account  for  the  Schottky 
barrier  height.*'  (7)  The  Fermi-level  pinning  for  p-GaAs 
(110)  anneals  out  at  the  annealing  temperature  o<‘  an  antisite 
defect"— a  fact  that  is  difficult  to  explain  in  a  metal-ihduced 
gap-state  picture. 

i.  The  Spicer  defect  model 

The  fact  that  •neasurements  on  several  III-V  semiconduc¬ 
tors  (GaAs,  InP,  and  GaSb)  provided  strong  evidence  for 
Fermi-level  pinning — together  with  the  fact  that  experi¬ 
ments  also  indicate  that  these  materials  have  no  intrinsic 
surface  states  within  the  band  gatv— led  Spicer  and  co¬ 
workers*"*  to  propose  the  defect  model.  In  th'S  model,  che¬ 
misorption  (or  cleavage)  produces  defects  of  some  kind,  ahd 
these  defects  g-  .-e  rise  to  deep  (or  shallow)  levels  that  account 
for  the  obscr\cd  Fermi-level  pinning  and  Schottky  barrier 
formation. 

The  original  Spicer  defect  model  was  phenomenological, 
and  did  not  specify  the  precise  nature  of  the  defects  responsi¬ 
ble  for  barrie'-  formation.  Over  the  past  se\  oral  years,  we 
have  attempted  to  provide  a  microscopic  theory  by  perform¬ 
ing  detailed  calculations  for  parncular  defe.**  .**"**  We  find 
that  the  principal  experimental  observations  are  well  e.»- 
plained  by  the  theoretical  results  fo*  a  few  simple  defects. 

For  example,  1 1;:.  1  shows  the  interpretation  of  the  ob¬ 
served  Fermi-level  pinning  positions  .snd  Schottky  barrier 
heights  for  various  metals  and  t'ther  chemical  spee'es  depos¬ 
ited  on  the  (110)  surface  of  n-InP.*  The  fact  that  there  are  two 
observed  barrier  heights  for  this  single  semiconductor  finds 
a  natural  explanation  in  the  defect  model— namely,  there  a,c 
two  diferent  native  defects  involved  (in  addition  to  possible 
surface  impurities):  Nonreactive  metals  produce  antisitc  de¬ 
fects,  and  reactive  netals  produce  vacancies*' '  is  the  domi¬ 
nant  defects.  The  observed  "swiivhing"  of  barrier  heights 
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Heat  6>  reaction 

(a)  experiment-  '.li.tneory 

Pinning  revels  lor  n-lnP 

Fio.  1.  Surface  Fermi  energy  of  «;ty^  InP-vt  heat  of  reaction  of  inP'Jeith 
the  mctala  Ni,  Ft,  Al,  Cu,  Ag,'and  Au.  according  to  Ref.  J.  The  theoretical 
surface  ^ect  levels  for  the  ?  vacancy  ( y, ),  the  native  antisite  defects  (In^ . 
aiid  Pt, ),  and  the  extrinsic  impurities  S  on  a  P  site  (S^ |  and  Sn  on  an  In  site 
(Sni,),  ut  given  at  the  right.  The  it'InP  data  can  be  interpreted  u  follows: 
Nonreactive  metals  produce  antisiie  defects;  reactive  metals  and  treatment 
of  the  suifsce  with  oxygen  and  Q  produce  P  vacancies.  Treatments  with  Sn 
and  S  pr^uce  surface  Sn|,  and  S^.  AAer  Refs.  37  and  38. 


shown  in  Fig.  1  provides  an  initial  but  crucial  test  for  any 
theory  bf  Schottky  barners. 

In  Fig.  2;  theexperiinental*"‘‘'^‘’  aiid  theoretical^*  levels 
for  GaAs  (1 10)  are  compared.  Notice  that  there  are  again 
two  acceptor  levels  predicted  by  the  theory  for  surface  anti* 
site  defects,  in  accdrdiuice  with  the  experiihental  observation 
of  two  distinct  Fermi-level  pinning  positions  for  the  single 
semiconductor  n-GaAs.*^' ' 

In  Fig.  3,  we  show  the  comparison  of  experimental  and 
theoretical  Schottky  barrier  heights,  with  the  harrier  (for  Au 
contacts)  assi^ed  to  the  surface  antisite  defect,  cation*on* 
anioh'Site  (e.g.,  GaA.}.  The  level  of  quantiutive  agreement  is 


GaAs,  GaAs  surface 
experinnent  - . 


cnemiiorotion  “ciMvjge  AS  ^  Ga  , 

-r«iated“  -rmeg"  Ga  AS 

Fio.  2.  Experimental  Fermid.vel  pinning  positions  forn*  and p-type  GaAs, 
(Refs.  2-4  and  8- 1 1)  compared  with  theoretical  predictions  for  surface  anti¬ 
site  defects  lAso,  and  Ga^, ).  Solid  circles  refer  top-type  GaAs  (experiment), 
or  to  donor  levels  which  will  produce  Fermi-level  pinning  on  p-GaAs  (the¬ 
ory);  open  circles  refer  to  n-GaAs,  or  to  acceptor  levels  which  will  produce 
pinning  on  n-GaAs. 


Fig.  3.  Schottay  b-srrier  height  4i  as  function  of  alloy  composition  x  for  Au 
contacts  ton-type  AI,.,Oa.As,  GaAs,_,P,,  GS|.,ln,P,  !nP,.,As„ 
and  In, . ,  Ga,  .As,  alter  Ref.  39,  where  the  source  of  ihe  experimental  data 
are  cited.  The  tlieoretic::.*  -tier  heights  correspond  to  the  antisite  defect 
cation-on-anion-sitc  (e.g.,  Ua^). 


fortuitously  good,  in  view  of  the  fact  that  there  are  uncertain¬ 
ties  in  the  theory  of  several  tenths  of  an  eV;  i,e„  we  do  not 
claim  that  the  theory  cah  predict  Schottky  bimef  heightr  to 
within  O.l  cV!  However,  we  regard  Fig.  3  as  dramatic  evi- 
dmee  that  -he  defect  model  does  provide  a  very  satisfactory 
explanation  of  Schottky  barrier  heights  as  well  as  Fermi- 
level  pinning. 

As  the  above  examples  make  clear,  the  theory  indicates 
that  most  observations  of  Schottky  barriers  snd  Fermi -level 
pinning  for  III-V  semiconductors  are  explained  by  surface 
antisite  defects  (with  vacancies  also  involved  in  a  few  cases). 
The  antisite  defects’  deep  levels  that  are  responsible  ‘br  Fer¬ 
mi-level  pinning  invariably  have  dangling-bond  character. 
For  Group  IV  semiconducton,  however,  there  are  no  anti¬ 
site  defects.  In  this  case,  an  even  simpler  type  of  the  defect 
suffices  to  explain  the  observations-^naiiiely,  dandling 
bonds.  These  dangling  bonds  must  have  a  neighboring  voiu. 
vacancy,  or  disordered  region  into  which  they  dangle;  other¬ 
wise,  their  energy  levels  would  be  severely  altered  by  the 
metal  of  the  metal/semiconductor  conuct.  Therefore,  we 
refer  to  them  as  ''sheltered,”^*  and  recognize  that  a  sheltered 
.intisite  defect  is  essentially  a  (vacancy,  antisite)  pair. 

As  described  in  some  detail  in  Refs.  40~t3,  dangling 
oonds  provide  a  very  good  explanation  of  the  experimental 
measurements  for  Si,  Ge,  diamond,  and  imorphous  Si  inter¬ 
faced  with  various  metals.*’**'  For  example,  on  the  right- 
hand  side  of  Fig.  4  we  compare  the  theot'etical  dangling  bond 
energy  with  the  experimental  Fermi-level  position  for 
Group  IV  semiconductors  (inferred  from  the  Schottky  bar¬ 
rier  height  6i,  for  Au  contacts,  os  described  in  the  figure 
caption).  It  can  be  seen  that  theie  is  good  agreement  between 
theory  and  .it'-periment,  with  .espect  to  both  chemical  trends 
and  the  prir  tion  of  the  erergy  within  the  band  gup.'  This 
same  level  of  quantitative  and  qualitative  agreement  is  found 
for  various,  other  systems— notably,  for  the  technologically 
importani  Si/transition-metal-silicide  contacts.*" 

In  Fig.  4,  we  also  show  the  cation  dangling-bond  energies 
for  III-V  siimiconducton,  together  with  the  experimental 
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Fig.  4.  Surface  Fermi  energy,  for  n>ty^  semiconducti  r^,  inferred  from 
Schottky  barrier  measuremenu  (using  —  £f,whrred(  is  the  bar* 

rier  height;  and  Ef  and  Ef  are;  respwtively.  the  cot.duction  band  mini* 
mum  and  the  Fermi  energy  at  the  semiconductor  surface),  cr^mpared  with 
the  surface  Fermi  energy  predicted  for  dangling  bond  defects:  The  sources 
for  the  data  are  cited  in  Refs.  39  (III-V  semiconductors)  and  Ref.  42  (Group 
iv  smicohductors).  Both  the  chemical  trends  and  the  positions  within  the 
band  gap  are  predicted  correctly  for  the  Group  IV  semiconductors.  For  the 
III-V  Mmiconductors,  the  chemical  trends  are  predicted  correctly,  but  the 
posiiibhs  within  the  band  gap  are  too  high  b>  3/4  eV.  This  indicates  that  i.:e 
relevant  dangling  bonds  are  associated  with  antisite  defecu  for  the  III-V's, 
whereas  simple  dangling  bonds  explain  the  dau  for  the  Group  IV's. 


surface  Fermi-Ieyel  positions  (inferred  from  the  Schottky 
barrier  data  display^  in  Fig.  3).  Since  the  cation  dangling 
bond  state  is  empty  (an  acceptor),  it  would  provide  Fermi- 
level  pinning  on  n*type  III-V  semiconductors  if  dangling 
bonds  were  responsible  for  Fermi-level  pinning  on  these  ma¬ 
terials.  (The  anion  dangling-bond  state  is  filled— a  donor— 
so  it  would  provide  pinning  on ^-type  III-V’s.) 

Two  interesting  facts  are  evident  on  the  left-hand  side  of 
Fig.  4:  (1)  The  cation  dangling  bond  does  a  remarkably  good 
job  of  reproducing  the  chemical  trends  of  the  measurements. 
(2)  However,  it  does  a  rather  poor  job  of  reproducing  the 
positions  of  the  measured  er.ergies  within  the  gap.  In  fact, 
the  cation  dangling-bond  erergy  is  about  3/4  eV  too  high  to 
explain  barrier  heights  and  Fermi-level  pinning  on  n-iype 
III-V  semiconductors. 

Although  we  do  not  display  the  results  here,  we  have  also 
calculated  the  anion  dangling-bond  energies.^^  These  are 
found  to  be  too  low  by  about  3/4  eV  to  explain  barrier 
heights  and  Fermi-level  pinning  on/^-type  semiconductors. 

Although  intrinsic  dangling  bonds  do  not  appear  to  pro¬ 
duce  deep  levels  in  agreement  with  the  measurements  on 
III-V  semiconductors,  it  is  important  to  emphasize  that  the 
levels  that  w  e  invoke  to  explain  Schottky  barriers  and  Fermi- 
level  pinning— for  example,  the  levels  of  Figs.  1-3— are  in 
most  cases  due  to  antisite  dangling  bonds.  We  note  that  the 
antisite  dangling-bond  energies  typi-^ally  “undermine”  the 
intrinsic  dangling-bond  energies,  in  that  the  antisite  acceptor 
levels  lie  lower  than  the  intrinsic  dangling-bond  acceptor 
levels,  and  it  is  the  lowest  acceptor  level  that  tends  to  produce 
Fermi-level  pinning  for  an  n-type  semiconductor.  (For  ex¬ 
ample,  compare  the  GaAs  cation  dangling-bond  gap  deep 
energy  level  of  Fig.  4  with  the  lower  GaAs  antisite  dangling- 
bond  level  (lower  open  circle!  of  Fig.  2.) 

In  order  for  a  defect  to  be  relevant  to  Schottky  barrier 
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forihatibii.  of  c6ui^,rit  rntist  be  present  in  appr^iable  con¬ 
centration.  This  mews  about  1  surface  defect  per  lOp  surface 
atoms,  according  to  qur  calculations  and  those  of  Spicer^er 
a/.-*  (For  bulk  defcch,  the  screening  of  the'serniconductor, 
with  dielectric  constant  ec- 10;  iihpiies  that  ah  order  of  mag¬ 
nitude  more  defats  are  needed— about  1  bulk  defect,  per  10 
surface  atbms.^'*)  However,  we  do  nbt  fihd  it  implausible  that 
there  may  be  a  rather  high  cqhcentfatipn  of  intrinsic,  and 
antisite  dangling  bbnds  at  the  rather  disbfdered— and,  un¬ 
fortunately,  not  yet  cbmpletely  characterized— interface!? 
betweeti  III-V  semiconduetbrs  and  mctaisrfn  fact,  Monch 
et  al.'*  find  that  for  the  “mild”  Ge  on  GaAs  system;  at  iow, 
cbverage  (:^6.S  monolayer),  states  (defects)  are  created  at  a 
rate  of  0.06  ±  0.04  per  deposited  Ge  atom,  which  for  a  cov¬ 
erage  of  only  a  rihgle  monblayer  corresponds  to  l^tweeh'  1 
defect  in  10  and  1  defect  in  50.  If  III-V  semiconductor/ 
metal  interfaces  exhibited  perfec :  bonding  and  perfect  order, 
then  the  defect  model  would  be  ihapplicable.:However,  as 
evidenced  above,  we  believe  that  such  interfaces  are  hot  in 
fact  perfectly  brdered  as  they  are  grown  currertly  .ih  ‘.he 
laboratory. 

III.  CONCLUSIONS 

The  pr^tit  theory  of  Schottky  barriers  and  Fermi-level 
prnhihgby  native  defects  prbvid^  a  very  satisfaetb^  expla¬ 
nation  of  the  experiihenul  observ  ations  fbr  both:ni-^V  and 
Group  IV  semiconductors.  This  theory’  involves  two  types  of 
defect  levels: 

(1)  Bulk-derived  interfacial  defect  levels,  such  as  the 
Asq,  donor  level  of  Fig.  2.  This  s-like  level  is  derived 
from  the  bulk  ASq,  A,  donor  level,*’  and  is  merely  shift¬ 
ed  in  energy  at  the  surface.** 

(2)  Dangling  bond  levels.  The  observations  for  Group 
IV  semiconductors— Si,  Ge,  diathond,  and  amorphous 
Si— are  explained  by  intrinsic  dangling  bonds.**^*  The 
observations  for  III-V  semiconductors — GaAs,  IhP, 
etc.,  and  their  alloys— are  explained  in  most  cases  by 
dangling  bonds  associated  with  antisite  defects,  such  as 
As  on  the  Ga  site  and  Ga  on  the  As  site.  In  some  cases, 
such  as  reactive  metals  on  n-InP,  surface  vacancies — 
which  involve  intrinsic  dangling  bonds — appear  to  be 
involved. 

Our  theory  of  Schottky  barriers  is  thus  primarily  a  theory 
of  Fermi-level  pinning  by  dangling  bonds. 
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Predicted  energy  band  gaps  of  ( A  )i  u 
metastable,  substitutional,  crystalline  alloys 

David  W.  Jenkins,  Kathie  E.  Newman,  and  Johii  D,  Dow 
Department  of  Physics,  University  of  Kotre  Dame,  Sbtre  Ddthc,  Indiana  46556 
(Rweived  21  January  19S5) 

Predictions  of  the  cnciO'  band  gaps  as  functions  of  alloy. composition  are  given  for  the  Greene  al¬ 
loys,  which  are  mctastable,  co'stalline,  substitutional  alhiys  of  Itl-V  compounds  and  group-IV  eie^ 
mental  materials.  All  possible  combinations  (.f  these  alloys  involving  Al,  Ga.  In,  P,  .■\s,  Sb,  Si,  Ge, 
and  Sn  are  considered.  The  T  and  L  conduction-band  minima,  relative  to  the  valence-band  maxima, 
exhibit  characteristic  fVshaped  bowing  and  kinks  as  functions  of  composition  .x;  the  band  edge.,  at 
point  A'  bifuica^  at  critical  compositions  cctrespondihg  to  the  order-disorder  tran.*.'  lOn  of  Newman 
it  al.  The  1-shaped  bo'-ing  due  to  the  transition  offers  the  possibility  of  band  gaps  significantly 
smaller  than  expected  on  the  basis  of  the  conventional  virtual-crystal  approximation.  Alloys  with 
modest  lattice  mismatches  that  are  predicted  to  have  especially  interesting  band  gaps  include 
;inP)|_,Gev„  (AlSb)|_iSn;,,  (G.iSb)j_,Snix,  and  (InAs)|_,Snv,,  which  are  alloys  with  potentially 
small  band.gaps,  and  (AlAs)(_,Geii  and  (GaAsli-^Si,,,  which  are  alloys  with  larger  gaps  and 
several  interesting  band-edge  crossings  as  functions  of  composition. 


I.  INTRODUCTION 

Recentiy,  Greene  and  co-workers  have  fabricated  a  new 
ciass'of  semiconducting  alloys  for  a  wide 

range  of  compositions.'”*  The  illiV  compounds  and 
grdup-IV  elemental  materials  are  normally  immiscible  at 
equilibrium,-  but  can  be  forced  to  mix  by  ion  bombard¬ 
ment  during  growth.  The  lesulting  material,  in  the  case 


FIG.  1.  Predicted  band  gaps  at  points  P.  L,  and  A"  versus  al¬ 
loy  composit'on  for  (GaSo  i_,Sni,.  Rinks  are  s-en  in  the  P  and 
L  levels  and  the  level  at  point  A'  bifurcates  at  the  assumed  criti- 
ca!  composition  of  .Newman’s  zinc-blende-to-diamond  phase 
irap-iition,  .V{---0.3.  The  gap  is  direct  for  all  compositums, 
range.',  from  s:0.6  to  zero  and  decreases  slowiy  as  a  function  of 
co.'isposition  from  0.15  •  V  to  zero  for  compositions  greater  than 
the  critical  composition. 


of  (GaAs)ii.xGeic  of  (GaSb)|_xGe2x,  is  a  metastabie, 
crystalline,  substitutional  alloy’  with  a  lifetime  at  room 
temperature  of  order  Id’’  years.^  The  fundamental  energy 
band  gap  of  (GaAs)|«xGtfi,  has  been  determined  from 
optical-absorption  measurements  and  shows  a  nonparaboh 
ic  K-shaped  bowing  as  a  function  of  alloy  co.nposition  x 
(Ref.  1).  A  K-shaped  band  gap  cannot  be  ■*.\p!.Vmed  using 
the  conventional  virtual-crystal  appro.ximation,  which 
gives  approximately  parabolic  (•  'wihg.  This  P-shap'"’ 
bowing  is  explained,  however,  with  a  zinc-blende-to- 
diamond,  order-disorder  pharc  transition.^ 

A  theory  for  this  transition  has  been  developed  by  New¬ 
man  el  o/.’"'®  and  applied  to  (Ga.As)i_xGev,.  As  seen  in 
Fig.  I,  where  the  theory  is  evaluated  for  the  conduction- 
band  minima  near  points  f,  L,  and  X  for  (0!iSb)|_xSni,, 
the  fundamental  band  gap  exhibits  a  I  -shaped  bowing  as 
a  function  of  composition,  with  a  kink  a;  the  critical  com¬ 
position  Xf.  This  theory  also  gives  smaller  gaps  than 
those  of  the  conventional  virtual-crystal  approximation. 

In  this  paper  we  apply  this  theory  to  t.'ie  entire  class  of 
alloys  involving  all  possi’ole  combinations 
of  Al.  Ga,  In,  P,  As  Sb,  Si.  Ge.  and  S'.,  arid  we  predict 
the  energy  band  edges  for  thC'C  new  metastabie  materials 
as  functions  of  alloy  composition  x.  We  ai'.o  e.stablish 
general  rules  for  understanding  the  clientieal  trends  in  the 
band  gaps  .and  for  choosing  a  metastabie 
alloy  with  a  desired  energy  ’oand  gap. 

II.  THEORY 

The  central  ide.-.  of  the  present  work  i.<:  that  all  of  the 
)|_xA';i  in^ta.siable  alloys  should  exhibit  an 
order-disorder  transition  from  an  ordered  zinc-blende 
structure  tin  which  cations  “know"  which  sites  are  sup¬ 
posed  to  bt.  cation  sites)  to  the  disordered  diamond  struc¬ 
ture  in  which  there  is  no  distinction  betweco  .•’.nion  and  ca¬ 
tion  sites.  The  critical  composition  Xc  at  which  this  tran- 
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sition  occurs  depends  on  the  growth  conditions  of  the  al¬ 
loy. 

In  developing  a  theorj'  of  the  electronic  structures  of 
these  alloys,  we  must  remember  that  verj’  little  is  present¬ 
ly  known  about  these  hew  and  interesting  materia!*'. 
Many  of  the  metastable  alloys  have  not  yet  been  grown;  in 
most  cases,  satisfactory  growth  conditions  are  not  yet 
known;  and  it  is  not  yet  definitely  known  if  any  of  the 
Grwhe  alloys  other  than  (GaSbli.^Gci,  exhibits  the 
order-disorder  transition  (which  should  be  detected  in  .\- 
ray  diffraction  as  the  disappearance  of  the  (200)  zinc- 
blende  spot  as  X  approaches  .x,  from  below].*'  These 
facts  are  important  in  defining  the  nature  of  the  theory 
that  is  appropriate  at  this  time;  it  should  be  global  and 
simple,  rather  than  detailed  and  excessively  quantitative. 
With  this  in  mind,  we  asseme  both  that  all  of  the  Greene 
alloys  exhibit  the  Newman  et  al.  transition,  and  that  there 
exist  growth  conditions  that  will  result  in  a  critical  com¬ 
position  a:,  =0.3,  the  value  appropriate  for  the  two  alloys 
grown  to  date  by  Greene  and  co-workers:  (GaAs)|_xGej, 
arid  (GaSb)|_xGev,  Ix^  is  probably  experimentally  adjust¬ 
able).'*  We  then  predict  the  band  structures  (as  functions 
of  alloy  composition  x)  of  the  remaining  (/I  “‘B'')A'2i 
metastable  alloys  with  the  intent  of  determining  which  al¬ 
loys  are  likely  to  exhibit  interesting  and  useful  electroi'..'e 
structures— thereby  targeting  specific  alloys  for  priority 
growth.  Thus,  we  present  these  calculations  in'  order  to 
pr^ict  which  materials  are  most  likely  to  be  interesting, 
rather  than  pretending  to  specify  the  band  structures  with 
any  precision. 

A.  Order-disorder  transition 

The  order-disorder  transition  involves  a  change  of  sym- 
metri'  from  the  zinc-bie.’sde  structure  to  the  diamond- 
cry’stal  structure.  In  this  transition,  the  distinction  be¬ 
tween  anion  and  cation  sites  is  lost.  The  relevant  order 
parameter  is:’ 

M(a:)  =  (P(]|  )caiion—  ^  •  111  ^anion  '  HI 

where  we  imagine  a  zinc-blende  lattice  with  sites  labeled 
nominally  "cation"  and  "anion,"  and  <f*m)cai,on  is  the 
average  over  all  the  lattice  sites  of  the  protr.nility  that  a 
column-III  atom  occupies  a  nominal  caiio:.  site.  Thus 
Mix)  is  proportional  to  the  average  electric  dipole  :..o- 
ment  per  unit  cell.  The  order  parameter  depends  on  t!;e 
growtli  c  mditions  le.g.,  substrate  temperature,  io:.- 
bombardment  energy!  as  well  as  on  the  composition  .v. 
For  a  completely  o.'dered  zinc-blende  alloy,  in  which  all 
coitimn-lll  (columii-Vj  aton.s  occupy  nominal  cation 
(onion'  sites,  we  have  M  =  1  —x.  If  all  the  cations  are  on 
anion  sites  and  the  o.ttions  are  on  cation  sites,  we  have 
merely  mislabeled  the  nominal  lattice  and  the  order  pa¬ 
rameter  is  .V  — 1.  For  the  metastaole  ordered  p- use 
(a:  <.V(.  =0. 3).  \\e  have  0  <  ,  A/i.vi  i  <  i  —  x.  For  the 
disordered  diamond  phase  (.v  >.Vf),  we  have  M  -0. 

The  theoietical  problem  nosed  b>  the  Green,  alloys  is 
that  of  preu.cting  the  ei-  :  ic  structure  of  metastable  al- 
:oys  wh’ch  ::re  desc.'ibed  b>  liie  order  paMnteter  M'x). 
Thus,  .ve  n’‘.v!  first  execute  a  noiiequililmum  pha.se- 
transitioii  i! .  of  and  then  calculate  th.*  changes 
of  t!ie  eiectron-c  structure  as  the  .alloys  'wiih  different 


comporition  a:)  undergo  the  order-disorder  transition. 
Newman  showed  that  this  formidable  problem  could  be 
solved  by  breaking  it  into  four  connected  parts:  (i)- ah 
equilibrium  phase-transition  theory  of  -he  order  paramei 
ter  Afix),  based  on  a  three-cor:p6nent  "spin”- 
Hamiltonian  model  similar  to  the  Dlunie,  Emery,  Grif¬ 
fiths  model of  Hc'-He'*  solutions.  {Snih-up,  spin-down, 
or  zero  at  a  site  in  (GaAsii^xGcj;,  sifiiifies  occupation  of 
that  site  by  Ga,  As,  or  Ge,  respectively.]  fii)  Introduction 
of  the  nonequilibritim  character  of  the  alloys  by  eliminat¬ 
ing  those  equilibrium  phases  that  cannot  be  reached  due 
to  growth  conditions  (e.g..-phasc  separation,  which  occurs 
at  equilibrium,  is  prevented  because  characteristic  grovyth 
times  are  small  in  comparison  with  the  li.me  required  for 
the  phases  to  diffuse  apart):  tiii)  mutual  elimination  of 
two  unknown  parameters  of  the  spin-Hamiltonian  model; 
i.e.,  a  spin-coupling  const;  nt  J  and  an  effective  growth 
temperature  T,  in  favor  of  one  empirical  parameter,  the 
critical  composition  a:,;*'*  and  (iv)  evaluation  of  the  elec¬ 
tronic  structure  u.«ing  a  modified  vinual-crystal  approxi¬ 
mation  and  a  tight-binding  model**  whose  matrix  ele¬ 
ments  depend  parametrically  on  the  order  parameter 
Mix;xc).  Thus,  In  the  Newman  approach  there  are  two 
Hamiltonians:  (i)  a  spin-Hamiltonian  for  treating  the 
order-disorder  transition  and  for  calculating  the  ot  >er  pa¬ 
rameter  Mix:X()  and  Ci)  an  empirical  tight-binding 
Ha.T.iltonian — that  depends  parametrically  on 

M (x  ;Xf )— for  calculating  the  electronic  structure. 

B.  Spin-Hamiltonian  model 

Newman  er  a!,  have  shown  that  -a  III-V  compound 
semiconducto  •  such  as  Ga.As  can  be  modeled  in  a  spin- 
Hamiltonian  language  a.s  an  "antiferromagnet"  where 
spin-up  or  spin-down  on  a  site  represents  occupation  b-  a 
group-III  atom  or  a  group-V  atom,  respectively.  Thus 
GaAs,  with  altem:'’ing  Ga  and  As  atoms,  in  this 
language,  is  an  "antiferromagnet."  The  "magnetiration" 
is  proportional  to  the  net  electric  dipole  moment  per  unit 
cell,  Eq.  (1),  and  for  zero-temperature  GaAs  at  equilibri¬ 
um.  equals  unity.  In  metastari.*  (/l'"£'’)i_,A'2i  alloys, 
such  as  (Ga.As)|_,Gei,,  occupation  of  a  site  by  a 
column-IV  atom  such  as  Ge  is  represented  by  “spin"  zero. 
If  the  Ge  were  to  occur;,  both  anion  and  cation  sites 
without  disturbing  the  occupation  of  these  sites  by  Ga  and 
.As.  then  the  order  parameter  would  be  3f(.x)=l— x. 
Howeve.',  M  i.v  not  I  —  .x  because  Ge  tspin  zero)  dilutes  the 
"magnetization"  A/(x;.x<.)  of  this  "antiferromagnet."  by 
removing  nonzero  "spins"  at  various  sites,  until  there  is 
insufficient  "sp’n-spin"  interaction  for  an  average  site  to 
"know"  it  .‘^hould  have  spin-up  or  spin-down.  With  a  suf¬ 
ficient  concei'.traiio:!  .x  of  dilutants  Itha:  depends  on  tem¬ 
perature!.  liie  “magnetization"  vanishes,  and  the  system 
undergoes  a  phase  transition,  from  an  "antiferromagnet- 
ic"  zinc-blende  state  with  to  an  "unmagnetized" 

phise  [M  =0i.  That  is,  as  Ge  dilute'  GaAs.  an  average 
cation  site  is  no  longer  fully  surrounded  by  .As  atom:  and 
no  longer  feels  eiectronicaliy  compclle.i  i<'  be  ''ccupied  by 
a  Ga  aiom  rather  than  an  .As  atom.  The  ave.Mge  electric 
dipole  moment  ,V/(.x'  of  the  ordered  zinc-biende  p*  tn'e  de¬ 
creases  and  the  sy.stem  undci'goe.'.  a  transition  from  .in  or¬ 
dered  ziiic-blcii.'e  phase  v  inch  la  atoms  prefereniially 
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occupy  nomiiial  cation  sites  to  ^  disordered  (A/  =0)  dia¬ 
mond  phase  in  which  there  is  no  distinction  bet  .een 
anion  and  cation  sites.  Newman  constructed  a  spin- 
Harhiitonian  model  of  this  order-disorder  transition.  The 
important  physical  parameter  of  this  Hamiltonian  is  a 
nearest-neighbor  spin  coupling  (which  is  related  to  ener¬ 
gies  of  interaction  of  the  pairs  of  atoms  V-V,  III-III,  ai.J 
III-V;.  the  Hamiltonian,  when  treated  in  a  mean-field 
appro.ximation,  yields  the  following  equation  for  the  order 
parameter  M{x;xc)‘. 

tanh[(/V/(l-.x,)]  =  [M/(l-.r)]  .  (2) 

where  x^  is  the  critical  composition  of  the  order-disordei 
transition;  ^ 

C.  Tight-biiiding  Hamiltonian 

The  electronic  structure  calculations  arc  based  on  an 
empirical,  ten-band,  second-nearest-neighbor,  tight- 
binding  theory,  which  employs  an  sp-'s'  basis  at  each  site 
of  the  zinc-blende  lattice.  The  on-site  and  nearest- 
neighbor  matrix -elements  of  this  model  have  been  ob¬ 
tained  previously  by  Vogi  et  who  fit  the  known  band 
structv.res  of  many  III-V  compound.^  and  group-IV  semi¬ 
conductors.  The  Vogl  matri,x  elethents  are  augmented  by 
one  or.  two  second-neighbor  parameters'*’  (see  Table  I)  in 
order  to  obtain  a  better  fit  to  the  band  structures  of  these 
semiconductors  at  the  L  point  of  the  Brillouin  zone.  (The 
Vogi  model  was  designed  to  fit  the  conduction-band  struc¬ 
tures  weji  near  points  P  and  ,Y.j  The  on-site  matrix  ele¬ 
ments  for  these  many  semiconductors  exhibit  manifest 
chemical  trends  that  depe,  J  only  on  khe  atomic  energies 
of  the  atom  on  the  site,  to  a  good  approximation.  The 
off-diagonal  nearest-neighbor  matrix  elements  are  inverse¬ 
ly  proportional  to  the  square  of  the  bond  length  d,  accord¬ 
ing  to  the  rule  of  Harrison  et  a/.'^  For  our  purposes  the 
impc.'tant  pihysical  parameters  of  the  tight-binding  Ham¬ 
iltonian  are  the  or  site  energies  of  the  column-III,  -IV, 
and  -V  atoms,  which  wc  shall  interpolate  using  a  general- 


TABLE  1.  Second-neighbor  parameters.  Note  here  that 
e(p,a,p,a')=e\p,c,p,c’)  and  e{sa,p,a)  =  €tp,c,sc‘).  See  Ref.  16 
for  details. 


Semiconductor 

€(sa,p,a') 

ap.a.pyo') 

All' 

1.990 

0.000 

AlAs 

1.830 

-0.876 

AlSb 

0.101 

0.000 

GaP 

0.641 

0.000 

GaAs 

0.464 

0.000 

GaSb 

0.688 

0.000 

InP 

0.368 

0.000 

InAs 

0.187 

0.000 

InSb 

0.107 

0.000 

Si 

0.000 

0.146 

Ge 

0.157 

0.000 

Sn 

0.000 

0  056 

ized  virtual-crystal  approximation.’  The  on-site  matri.x 
eiemerits  are  interpolated  according  to  Eq.  (3),  as  are  Vd^, 
wiicre  I^is  the  off-diagonal  matrix  eleif.ehts  and  d  is  the 
bond  length  of  the  alloy  predicted  by  Vegard’s  law:'* 
d(.v)  =  (  1 -.x)r/|||.v -}-xd|v. 

We  expect  these  (/I alloys  to  .«atisfy  ade¬ 
quately  the  Onodera-foyozawa”  criterion  for  an  "amal¬ 
gamated"  electronic  spectrum,  since  the  variations  in  on¬ 
site  diagonal  matrix  elements  are  small  in  comparison 
with  licarest-neighbor  transfer  matrix  elements.’®  There¬ 
fore,  we  expect  them  to  have  relatively  well-defined  band 
structures  which  can  be  described  (in  a  first  approxima¬ 
tion)  by  a  mean-field  theory  of  the  virtual-crystal  type. 
They  cannot  be  treated  with  the  ordinary  virtual-crystal 
approximation,  however,  because  (in  the  tlisordered  "dia¬ 
mond"  phase,  in  panicular)  they  contain  many  antisite 
atoms  (e.g.,  a  column-III, atom  on  a  nominal  anion  site)-^ 
and  the  usual  virtual-crystal  approximation  does  not  allow 
for  antisite  atoms.  We  circumvent  this  problem  by  using 
the  generalized  virtual-crystal  approximation,’  which  has 
virtual  anions  and  cations  such  that  the  virtual  cation  is 
(schematically): 

[( 1  -X  -i..V/)/2] /I '"-(-[( 1  -X  .  (3) 

Here,  ;4'",  AT*'',  and  B'’  represent  the  column-III,  -IV, 
and  -V  atoms,  and  MixiXf)  is  the  order  parameter  (1)  of 
the  order-disorder  transition,  obtained  by  solving  Eq.  (2). 

III.  RESULTS 

The  energies  of  the  band  edges  (relative  to  the  valence- 
band  maximum,  which  is  defined  to  be  the  zero  of  energy) 
are  given  in  Fig.  1  for  (GaSbii.^Snix-  Corresponding 
results  for  all  possible  (,-l"‘5'')|_;,-V2^  alloys  are  given  in 
Figs.  2—4.  The  T  conduction-band  minimum  occurs  at 
k =(0,0,0)  in  the  band  structure.  The  edges  labeled  .*  and 
A  refer  to  the  conduction  minima  near  the  (1,0,0)  and 
(4,7,7)  points,  respectively  (i.e.,  near  points  X  and  I).’' 
For  k  at  the  point  -T  the  Brillouin  zone,  the 
conduction-band  edge  actually  bifurcates  as  a  function  of 
alloy  composition  at  the  critical  composition  .x,,  produc¬ 
ing  l  oth  an  X\  and  an  Xi  minimum  in  the  zinc-blende 
(ordered)  phase  for  .x  <.X(,  but  only  one  minimum  for 
.X  >.x,  in  the  diamond  (disordered)  phase.  Thi.<  bifurca¬ 
tion  is  reflected  in  the  dependence  of  the  minima  along 
the  A  line  as  functions  of  composition  x  (see  Fig.  4),  be¬ 
cause  these  minima  lie  at  wave  vectors  near  point  X,  The 
relative  minimum  at  point  f,  when  plotted  as  a  function 
of  composition  .x,  exhibits  a  kink  at  .x^,  as  does  the  band 
edge  at  the  L  point.  The  minimum  in  the  A  direction  re- 
.fiects  the  kinked  behavior  of  the  nearby  L  point. 

In  addition  to  the  dependences  on  alloy  composition  .x, 
there  are  discernible  trends  depending  on  the  positions  of 
the  atoms  in  the  Periodic  Table.  To  facilitate  quantifica¬ 
tion  of  these  trends,  wc  define  an  effective  average  atomic 
number: 

( Z )  =  .xZ  IV  —  ( 1  —  .X )( Z|||  -r  Zy  )/2  ,  (4) 

where,  for  example,  Zm  is  '.he  ato.mic  number  of  the 
column-Ih  atom.  Figure  5  shows  that  the  i'.  A,  and  .\ 
band  edges  tend  to  dee: ease  :n  energv  with  increasing 
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FIG.  2.  Predicted  band  gaps  of  (.4  "'B'')|_,Sii,  alloys  versus  Jt,  for  the  following  Ill-V  compounds:  AlP,  AlAs.  AlSb,  GaP,  GaAs, 
GaSb,  InP,  InAs,  and  InSb.  Lattice  mismatches,  defined  by  Eq.  (5),  are  shown.  Kinks  cati  be  seen  m  the  F,  A.  and  A  levels  at  the  as¬ 
sumed  critical  composition  Xf  =0.3.  The  A  minimum  generallv  lies  .some  distance  from  the  .V  point  in  our  tigh'.-binding  model,  so  the 
strict  bifurcation  at  the  X  point  is  not  clearly  visible.  The  kinks  near  x  =  1  are  due  to  a  crossing  of  the  F)*  .md  F)  levels. 


(2),  with  F  decreasing  most  rapidly  and  A  decreasing 
lea.st  rapidly  with  (Z).  This  trend  can  be  e.\ploitec  for 
example,  to  find  nietastable  allovs  with  small  fundamental 
band  gaps  for  possible  applications  in  infrared  photogra¬ 
phy:  The  smaller  gaps  are  associated  with  large  average 
atomic  numbe.'s.  Hence  (GaSb)|_,Sni, ,  with  a'er;tge 
atomic  numbers  .'anging  f.'om  36.5  to  50,  should  be  an  in¬ 


teresting  .^mall-baMd•g.•.p  material,  provided  its  electronic 
transport  properties  can  be  made  .suitable  for  device  appli¬ 
cations. 

Pr.'dicied  b.ind  gaps  of  the  metastable  zinc-blende- 
diamond  Greene  alloys  fabricated  from  Al,  Ga.  In,  P,  As, 
Sb,  Si.  Ge.  anJ  Sn  an-  -hown  in  Fig-i.  2— -t.  General 
trends  follow  those  of  tli;  prototypical  alloy 
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FIG.  3.  Predicted  band  gaps  of  ,.l'"B''),_,Ge:,  alloy  versus  .t.  fot  the  following  III-V  compounds:  AlP,  AlAs,  AlSb,  GaP, 
GaAs,  GaSb,  InP,  InAs,  and  InSb.  Lattice  mismatches,  defined  by  Eq.  iJ),  are  shown.  Kmks  can  be  seen  in  all  levels,  at  the  .assumed 
critical  composition  .x,=0.3.  For  some  alloys,  notably  (InP),_,Gev,  for  ^  <0.4  and  (InAs),_,Gei,  for  .t  <0.5.  the  A  mini.num 
occurs  at  the  X  point  in  our  tight-binding  model  and  the  strict  bifurcation  at  noint  A'  is  clearly  visible. 


{GaSb)i_,Sni,,  shown  in  Fig.  1.  All  alloy  band  gaps  e.x- 
hibit  kink.s  at  as  a  function  of  composition.  There  is 
always  at  least  one  kin:;  in  the  minimum  conduction-band 
edge  at  x  =x,,  due  to  the  phase  transition.  This  kink  is 
not  associated  with  a  crossing  of  the  band  edges,  although 
these  types  of  effects  can  also  be  seen  at  other  composi¬ 
tions.  For  example,  in  (InP),_,Gev,  {Ref.  22)  at 
X  =0.85,  the  conduction  band  at  F  crosses  with  A  and 
the  alloy  goes  from  being  a  direct-gap  semiconductor  to 


one  with  ar  indirect  gap. 

The  alloys  with  the  smalle.st  lattice  mismatches 

Aa/a=(a|v-aiii.v)/aiv  (5) 

are  especially  interesting.  We  focus  pnmaiily  on  alloys 
with  la/a  <0.07.  Values  of  Aa/a  are  given  m  each  fig¬ 
ure. 

Since  the  details  of  the  band  gaps  for  these  alloys  de¬ 
pend  on  the  c.msMti;:nts.  ue  summan<:e  de;  nh  below  fig- 
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FIG.  4.  Predicted  band  gaps  of  alloys  versus  x,  for  the  following  111-V  compounds:  AlP,  AlAs,  AlSb,  GaP, 

GaAs,  GaSb,  InP,  InAs,  and  InSb.  Lattice  mismatches,  defined  by  Eq.  (5),  arc  \hown.  Kinks  can  be  seen  n  all  levels,  at  the  critical 
composition  a:,  =0.3.  For  some  alloys,  notably  tInP)|_,Snv,  for  .\  <0.6  and  (lnAs)|_,Snv,  for  a:  <0  5,  the  i  minimum  occurs  at  the 
A'  point  in  our  tight-binding  model  and  the  strict  bifurcation  at  point  X  i.n  clearly  visible. 


ure  by  figure.  Figure  2  displays  predicted  band  edges  for 
zinc-blende  materials  combined  in  metastable  alloys  with 
Si.  Th -'e  with  the  smallest  lattice  mism.ttches  arc 
(AlP);_,Si:,  (Ac /c  =  -0.004),  (AiAs),_,Sii,  (-0.043). 
(GaP)|_,S!:^  (-0.004'.  and  (Ga.As),_,Si;^  (-0.043).’^ 
Thus,  of  this  class  of  ,vell-lattic' -matched  alloys,  one  is 
restricted  to  miaterials  with  (Z;<23.  The  fundamental 
band  caps  of  these  alloys  vary  from  1.17  eV  for  Si  to  2.5 
eV  for  ordinary  AlP.’'  These  gaps  tend  to  have  only  one 


kink,  at  the  critical  composition  .v  =Af.  because  the  fun- 
da.’nenial  gap,  like  that  of  Si,  is  along  the  A|  line  for  all  a*, 
and  does  not  cross  P  or  A  |:lie  e.scepiion  being 
(GaAs)i_,Sii,  for  which  we  find  crossings  from  P  to  A 
to  A  as  a  function  of  increasing  composition).  The  kink 
in  P  for  AisO.S  is  due  to  mi.xing  of  ihi.s  level’^  and  a  P^^ 
level  not  displayed  (Si  has  Pf’<P;).  In  contr.a;*.  to  the 
small-lattico-mismatched  materials,  the  heavi!_\  strained 
alloys  {.see  the  last  row  of  Fig.  2),  all  show  multiple  band- 
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FIG.  5.  Trends  of  the  (a)  P,  (b)  A.  and  Ic)  A  b.and  edges 
versus  average  atomic  number  <Z>.  The  relevant  energies  for 
the  (/I  "'5'  alloys  in  question  lie  within  the  boxes  of  the 

figures,  rl-nce  those  at  P  and  A,  in  particular,  tend  to  dec'ease 
with  incrcc.ing  (Z). 


edge  cro:-  ngs  from  F  to  A  to  A  as  a  function  of  increas¬ 
ing  composition  x. 

Figure  3  gives  band  edges  for  zinc-blende  materials  in 
metastable  i-^i.^tufes  with  Gc;  Those  wi;!i  the  smallest  lat¬ 
tice  mismatches  are  (AlP)|_,Ge2x  -la/a  ~').637), 
(AlAs),_,Gev,  (0.0),  (G-nPh.^Gei,  -'.VOS?), 
(GaAsli.^Gci*  (0.0),  and  (IhP)ii.j,Gei,  (— 0.037).  In  this 
class  of  alloys  we  are  restricted  to  wellTlattice-matched 
materials  with  (Z>  <32.  The  band  gaps  of  these  alloys 
vary  from  0.1  eV  for  (InP)i_,Gci,  at  x  =0.3  to  2.5  for 
ordinary  AlP.  The  band  gaps  of  these  alloys  have  cross¬ 
ings  from  A  to  r  to  A  for  (AlPli.^Gei,  and 
!,.A!As)i_,Gev,  and  from  F  to  A  for  the  others.  Of  the 
remaining  alloys  with  larger  mismatches,  some,  such  a-; 
(IhAs)|_,Gev5  and  (InSb)i_,Ge;;,,  have  zero  gap  for 
some  compositions  x  but,  because  the  mismatch  is  larger, 
they  may  be  difficult  to  grow. 

Figure  4  presents  our  predictions  for  metastable  alloys 
resulting  from  mi.xing  zinc-blende  mattriuis  with  Sn. 
Those  with  the  smallest  lattice  mismatches  are 
(AlSb)i_,Snv,  (Aa/fl  =0.053),  iInAs)i_,Sn2,  (0.068), 
(GaSWi.^Sni;,  (0.060),  and  (InSb)j_,Snii  (0.0),  In  this 
class  of  alloys,  lattice  matching  restricts  us  to  materials 
wjth  32-'  <Z>  ^50.  These  are  especially  interesting  ma¬ 
terials  because  Sn  has  a  zero  band  gap.  The  band  gaps  are 
predicted  to  be  zero  for  the  metastable  alloys 
(InAs)|,,Sni*  and  (InSb)|_;,Sni,  for  all  compositions 
(despite  the  fact  that  the  equilibrium  compounds  InAs 
and  InSb  have  nonzero  gaps*'’).  All  of  the  Sn-based  meta- 
stable  alloys  (with  small  lattice  mismatches)  mentior'd 
above  are  either  direct-gap  or  zero-gap  materials. 
(GaSb))_;,Snr,  is  particularly  interesting,  because  the 
predicted  gap  varies  from  0.15  eV  to  zero  over  a  large 
range  in  composition,  from  0.3  to  1.0.  Hence,  the  gap  is 
small  and  may  not  be  too  sensitive  to  fluctuations  in  local 
environment.  This,  along  with  (InP)i_,Gev,,  may  be  an 
especially  good  candidate  for  an  infrared  detector.”  The 
remaining  alloys,  while  coven.^g  a  large  range  in  gap  size, 
from  2.5  eV  for  ordinary  AlP  to  zero  for  Sn,  all  have 
large  lattice  mismatches,  Aa/a  >0.096,  and  good-quality, 
long-lived,  metastable  samples  of  these  materials  may  be 
difficult  to  grow. 


IV.  CONCLUSIONS 

We  have  presented  predictions  of  the  energy  band  gaps 
versus  alloy  composition  x  for  the  Greene  alloys;  .meta- 
stable,  crystalline,  substitutional  alloys  of  III-V  com¬ 
pounds  and  group-lV  elemental  materials.  The  band  gaps 
at  points  F  and  L  e.xhibit  kinks  and  the  X  points  bifurcate 
as  functions  of  composition  x,  at  a  critical  value  .v,  corre¬ 
sponding  to  the  order-disorder  transition  of  Newman 
L'l  al.  The  F-shaped  bowing  offers  the  possibility  of  band 
gaps  significantly  smaller  than  e.xpected  on  the  basis  of 
the  conventional  virtual-crystal  appro.ximation.  .Alloys 
with  modest  lattice  mismatches  that  are  predicted  to  have 
small  band  gaps  include  (lnP'|_,Geij,  <.AlSb)i_,Sn2^, 
(GaSb)|_^Sn2^,  (InAs)i_;tSn:^.  Larger  band-gap  al¬ 
loys  with  several  potentially  interesting  level  <.',’.ssings  in 
the  band  gap  include  i.AlAsi|_^Gei,  and  (GaAsli.^Si;^. 
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A  ,'he6ry  of  Schottky  barriers  for  IIl-V  and  Group-IV  semiconductors  must 
explain  numerous  experimental  observations,  two  of  which  are  the  following:  (1) 
The  barrier  height  often  attains  nearly  its  final  value  with  the 

deposition  of  only  a  fraction  of  a  monolayer  of  metal  on  the  semiconductor 
surface  (1,2],  (Here  E^’  and  Ep^  are  respectively  the  energies  of  the  conduction 
band  edge  at  the  surface  and  the  Fermi  level  in  the  bulk.)  This  finding  implies 
that,  the  mechanism  responsible  for  Schottky  barrier  formation  requires  only 
submonolayer  coverage  rather  than  a  complete  semiconductor/metal  Interface.  It 
thus  appears  to  rule  out  metal-induced  gap  states  (3-6)  as  the  dominant  mechanism 
for  most  systems.  (2)  In  many  cases,  more  than  one  value  of  the  Schottky  barrier 
height  is  observed  for  a  single  semiconductor.  In  InP,  for  example,  there  is  a 
"switching"  of  barrier  heights  from  about  0.3  eV  to  nearly  zero  as  the  reactivity 
of  the  metal  treatment  of  the  surface  is  varied  (7).  A  theory  that  yields  only  a 
single  barrier  height  for  all  metals  and  all  surface  treatments  is  thus  unable  to 
explain  these  Schottky  barriers. 

Here  we  describe  a  theory  of  Schottky  barriers  for  III-V  and  Group-IV 
semiconductors  chat  is  in  agreement  with  the  above  ooservatlons  and  many  ocher 
features  of  the  experimental  measurements  (1,2,7-14].  The  theory  is  based  on 
Fermi-level  pinning  [IS]  by  levels  associated  with  defects  at  the 
semlconductor/metal  interface  (1,8-11].  He  believe  chat  this  theory  is 
applicable  to  most  observed  barriers,  but  recognize,  of  course,  that  ocher 
mechanisms  can  be  important  in  some  cases.  For  example,  the  original  Schottky 
mechanism  of  charge  transfer  between  a  metal  and  a  semiconductor  without  defect 
states  In  the  fundamentul  band  gap  appears  to  dominate  for  nonreactlve  metals  on 
GaSe  (8). 

For  III-V  semiconductors,  Che  states  responsible  for  pinning  the  Fermi-level 
are  associated  with  native  defects,  either  antlsite  defects  (16-18]  or  vacancies 
(17-19)  at  Che  semiconductor  surface.  For  Group-IV  semiconductors,  Che  pinning 


defects  are  Incerfacial  dangling  bonds  [20,21]  —  e.g.,  SI  dangling  bonds 
"sheltered"  from  the  metal  by  interfaclal  vacancies. 

in  Fig.  1,  results  are  shown  for  the  (110)  surface  of  InP  [17).  (Our 
calculations  employ  methods  introduced  by  Vogl  et  al.  [22]  and  Hjalmarson  et  al. 
[23]',  together  with  the  analytic  Green's  function  technique  [24],  using  the 
surface  relaxation  characteristic  of  Ill-V  semiconductors  [25,26].  It  can  be 
shown  [20]  that  a. defect  at  a  free  surface  has  virtually  the  .same  deep  energy 
levels  as  a  sheltered  defect  at  a  semieonductor/metal  contact.)  At  the  surface, 
both  antisite  defects  —  Inp  and  —  are  predicted  to  produce  deep  acceptor 
levels  at  about  0.5  eV  belk'.w  the  conduction  band  edge.  The  experimental 
Fermi-level  .pinning  pos^ion  for  non-reactive -metals  on  n-type  InP  [7,14],  also 
shown  ip  Fig.  1,  can  be.  explained  by  either  of  these  levels.  In  addition,  a 
surface  phosphorous  vacancy  Vp  is  predicted  to  yield  a  shallow  donor  level,  which 
appears  to  explain  the  other  Fermi-level  pinning  position'  Just  beneath  the 
conduction  band  edge  observed  for  reactive  metals  on  n-lnP  [7]  and  for  treatments 
of  the  surface  with  0  or  Ci  [8].  A  shallow  level  is  also  predicted  for  the 
surface  impurities  Sp  and  Sn^^,  and  this  may  explain  the  experimental  results  for 
S  and  Sn  treatments  of  the  InP  surface  [8].  Although  not  shown  in  Fig.  1,  the 
predictions  for  p-InP  are  also  in  agreement  with  experiment  [*']. 


0,  Cl,  S,  Sn 
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CuAg  Au 


Sp,  Snin 


Inp 


In 


reacitve  non.  reactive 


Heat  of  reaction 

(ev/meiai  »\orn) 

(a)  experiment  (b)  theory 

Pinning  levels  for  n-InF^ 


Fig.  1.  Theoretical  and  experimental  Fermi-level  pinning  positions  for  the  (110) 
surface  of  InP  (after  Ref.  17). 
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Fig.  2.  Theorecleal  and  experimental 
Schottky  barrier  heights  for  varlou« 
Ilt-’V  semiconductors  and  their 
a' toys.  The  results  for  Gaj.jj.Uj^As 
and  tn^.^Ca^As  are  also  given  In 


(161. 


theory 


6y 


c-Si  o-Si:H.  o«Si:H. 

Tight'binding  Itp 

Fig.  3.  Calculated  Fermi-level 
pinning  positions  for  c-Sl  and 
a-Sl:H.  The  experimental  positions 
are  Inferred  from  the  measurements  of 
[29]  '.n  conjunction  with  the  band  gap 
of  a-Sl:H  of  1.8  eV  and  a  theoretical 
value  of  Eg  obtained  from  (28|  for 
a-Sl:H  with  a  band  gap  0.7  eV  larger 
Chan  chat  of  c-Sl  (scp)  or  a 
vlrtual-zlncblende  approximation  to 
Che  theory  In  (27]  (tight-binding). 
Data  for  Ft  and  ?d  contacts  are  from 
129]. 


In  Fig.  2,  we  show  the  Schottky 
barrier  heights  predicted  by  the  present 
theory  (In  the  virtual  crystal 
approximation)  for  several  III-V 
semiconductors  and  their  alloys.  These 
results  are  for  n-type  semiconductors,  with 
the  defect  responsible  for  Fermi-level 
pinning  taken  to  be  the  caclon-on-anlon 
sice  surface  anclslce  defect  ~  e.g.,  Ga  on 
Che  As  site  (16].  The  predictions  are 
compared  with  measured  barrier  heights  for 
Au  contacts  [10].  The  agreement  between 
theory  and  experiment  Is  fortuitously  good, 
In  view  of  Che  several  tenths  of  an  eV 
uncertainty  In  the  theory.  It  can  be  seen, 
however,  that  the  trends  with  alloy 
composition  are  very  well  described  by  the 
theory. 

In  Fig.  3,  results  are  shown  for  both 
crystalline  SI  (e-Sl)  and  hydrogenated 
amorphous  SI  (a-Si:H).  The  theory  for 
e-Sl,  which  Is  described  elsewhere  (20], 
provides  a  quite  satisfactory  description 
of  numerous  experimental  observations. 

Extensions  of  the  theory  to  Ge, 
Ge|_^Sl^  alloys,  and  diamond  were  also 
found  to  be  In  good  agreement  with 
experimental  data  [21],  Here  we  present 
new  results  for  a-Sl;H.  Details  of  the 
theory  will  be  presented  In  a  longer 
article,  but  the  essential  Idea  was  to 
extend  the  e-Sl  prediction  for  the  81 
dangling-bond  energy  to  a-SlsH  by  employing 
the  tight-binding  theory  of 
Papaconscancopoulous  and  Economou  [27,28] 
for  this  material.  For  example,  we  created 
hydrogenated  amorphous  SI  as  a  virtual 
tlncblende  ternary  alloys,  SKSl^.j^H^j^) , 
deducing  tight-binding  parameters  for  SI 
and  S1j_^H4^  from  the  parameters  of  Ref. 
(27].  These  parameters  were  Chen  used  to 
compute  the  band  edges  of  a-Sl:H  relative 
to  chose  of  c-Sl  and  the  deep  level  of  a  SI 
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bond  in  a-Si:H  surrounded  by  a  local  envlronaenc  similar  to  chat  of  an  Interface 
with  NiSl2<  Our  results  are  given  in  rig.  3,  and.  agree  with  the  data^ 

in  conclusion,  the  present  theory  provides  a  satisfactory  description  of 
Schottky  barriers  for  a  number  of  Ilt-V  semiconductors  and  their  alloys  (both  h- 
and  p-cype),and  for  Si,  Ce,  Oej.^Si^  alloys,  diamond  and  a-Si:K. 
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The  following  facts,  and  many  others,  concerning  III-V  (e.g..  GaAs.  InP)  Schottky  barriers 
can  be  understood  in  terms  of  Fermi-level  pinning  by  interfacial  antisite  defects  (sheltered  by 
vacancies)  at  semiconductor/metal  contacts:  (i)  the  barrier  heights  are  almost  independent  of 
the  metal  in  the  contact:  (ii)  the  surface  Fermi  levels  can  be  pinned  at  sub-monolayer  coverages 
and  the  pinning  energies  are  almost  unaiTected  by  changes  of  stoichiometry  or  crystal  stiucture: 
(iii)  the  Schottky  bttrrier  height  for  n-lnP  with  Cu.  Ag.  or  Au  is  »0.ieV,  but  changes  to 
»  0. 1  eV  when  reactive  metal  contacts  (Fe.  Ni.  or  .Al)  are  employed  because  the  antisite  defects 
are  dominated  by  P  vacancies:  atid  (iv)  the  dependence  on  alloy  coinposition  for  alloys  of  AlA.s. 
GaAs.  GaP.  In  As.  and  GaAs  is  extremely  complex -owing  to  the  dependence  of  the  binding 
energy  for  the  cation-on-anion-site  deep  level  on  alloy  composition.  Fermi-levcl  pinning  by  .Si 
dangling  bonds  at  Si/transition-metal  silicide  interfaces  acemnts  for  the  following  facts:  (i)  the 
barrier  heights  are  independent  of  the  transition-metal,  to  within  =>0.3eV;  (ii)  on  the  0.1  cV 
scale  there  are  chemical  trends  in  barrier  heights  for  n-Si.  with  the  heights  decreasing  in  the 
order  Pt.  Pd.  and  Ni:  (iii)  barriers  form  at  low  metallic  coverage,  (iv)  barrier  heights  arc 
independent  of  silicide  crystal  structure  or  stoichiometry  to  =0.1  eV;  and  (v)  the  barrier  heights 
for  n-Si  and  p-Si  add  up  to  approximately  the  energy  of  the  band  gap. 


1.  Introduction 

When  a  metal  is  deposited  on  a  semiconductor  surface,  a  potential  barrier 
to  electron  motion  is  formed,  which  prevents  the  flow  of  electrons  between 
the  metal  and  the  semiconductor.  The  physics  govcrninc  the  formation  of 
this  Schottky  barrier  is  controversiai  c\en  today.  Here  we  present  thcoreti- 
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cai  calciilaiions  which  support  the  notion  that  Schottky  barriers  arc  con’* 
monly  (but  not  exclusively  |1])  formed  as  a  result  of  "Fcfmi-levcl  pinnine" 
by  deep  trap  states  associated  with  defects  at  the  semiconductor 
surface. 

The  basic  idea  of  Fermi-level  pinning  was  enunciated  by  13:.  tleen  [2]  in 
1947.  and  is  most  easily  deso'bed  for  ihe  limit  of  a  degenerate  h-type 
scir.iciind!  ctor  in  contact  with  a  metal.  The  Fernti  energic.'.  of  the  .semicon¬ 
ductor.  the  semiconductor  .surface,  and'  the  metal  ma.st  align  in  electronic 
equilibrium.  At  aero  temperature,  the  Fermi  level  of.  the  senticohductor  lies 
almost  at  the  conduction  band  edge  (more  precisely,  a:  the  donor  level),  and 
lines  up  with  the  Fermi  level  of  the»  metal.  TTie  Fermi  energy  of  the 
.semiconductor's  surface,  however,  can  lie  deep  in  the  funda  oental  band  gap 
if  there  are  deep  impttritj'  level.s  in  the  gap.  In  this  ca.se  of  .sufficient 
concentration  d:  deep  level.s  in  the  gap.  the  deep  level.s  leteririine  and 
"pin"  the  Fermi  energy  of  the  .surface;  which  does  no;  align  with  the  bul*. 
semiconductor's  Fermi  energy  if  the  valence  band  maxima  of  the  bulk  and 
the  surface  are  assumed  to  be  at  the  .same  energy.  Hence;  the  semiconductor 
and  its  surface  are  not  in  electronic  equilibrium  when  the  valence  band 
maxima  align.  As  a  result,  carriers  must  diause  in  order  to  bring  the  surface 
into  electronic  equilibrium  with  the  bulk  semiconductor  and  the  metal:  a 
surface  dipole  must  build  up.  and  the  bands  must  bend  near  the  surface  to 
align  the  Fermi  energies  of  the  bulk  and  the  surface.  This  results  in  a 
Schottky  barrier  (see  fig.  1 1.  B:trdccn.  in  his  Fermi-level  pinning  paper,  left 
open  the  possibility  that  the  deep  levels  responsible  for  the  pinning  might  be 
either  intrinsic  (e.g..  .suri'as'e  states)  or  extrinsic.  .Spicer  and  co-workers  (.S) 
have  chamr.ioned  the  idea  that  native  defects  produced  during  the  formation 
of  the  semiconouctor/me'tii  contact  pin  the  Fermi  energy. 

In  this  Fermi-l’vel  pinning  model,  one  can  estimate  the  Schottky  barrier 
height  for  an  n-type  semicv-nducior  by  first  determining  the  defect  respon¬ 
sible  for  the  pinning  and  then  calculating  the  difference  in  energy  between 
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the  neutral  defect's  lowest  unfilled  deep  level  in  the  gap  and  the  conduction 
band  edge.;  (For  p-type  maierial.  the  highest  filled  level  in  the  gap  pins  the 
Fermi  level.)  Hence  the  problem  of  calculating  the  Schottky  harrier  height  is 
reduced  to  the  equivalent  problem  of  computing  the  binding  energy  of  a 
deep  level.  (See  fig.  I.) 


2.  Deep  levels  in  tbc  bulk 

To  understand  the  physics  of  deep  levels  at  mctal/semict>nductor  con* 
tracts,  one  must  first  comprehend  the  basic  physics  of  deep  impurities  m  the 
bulk  of  a  semiconductor.  An  impurity  level,  by  current  definition  [4].  is 
"deep"  if  that  level  originates  from  the  central-cell  defect  potential  of  the 
impurity  (as  opposed  to  utiginating  from  the  long-ranged  Coulombic  tail  of 
the  defect  potential,  as  for  "shallow"  levels).  In  covalently  bonded  semi¬ 
conductors,  sp'-bonded  substitutional  defects  have  typically  four  deep  levels 
near  the  fundamental  band  gap  and  an  infinite  number  of  shallots  levels. 
The  infinite  number  of  sl-'tllow  '..els  is  associated  with  the  fact  that  the 
Coulomb  potential  has  an  infinite  number  of  bound  states,  and  the  four  deep 
levels  are  due  to  there  being  one  s-like  and  three  p-like  orbitals  for  an 
sp''-bonded  defect.  In  the  bulk  of  a  tetrahedral  semiconductor,  the  three 
p-states  are  degenerate,  forming  a  T;-symrr .  trie  deep  level,  and  the  s-stute 
gives  rise  to  an  A,  level. 

The  four  deep  levels  need  not  all  lie  'vithin  the  fundamental  band  gap. 
however.  In  fact,  it  is  rare  that  all  four  do.  Indeed,  a  "shallow  impurity"  is 
one  for  hich  all  of  its  deep  levels  lie  ounide  the  fundamental  band  gap  (fig. 
2).  .A  "deep  impurity"  is  an  impurity  that  produces  at  least  one  deep  fin  e!  in 
the  band  gap.  "nie  issue  of  whether  a  deep  level  lies  within  the  gap  or  not  is 
a  quantitative  one;  if  the  host  bands  are  broad  enough  and  the  fundumentui 
band  gap  is  narrow  enough,  then  the  bands  are  likely  to  cover  up  all  of  the 
deep  levels,  making  them  resonant  with  the  host  bands.  Hence,  narrow-gap 
semiconductors  tend  to  have  relatively  fewer  "deep  impurity"  centers  (with 
levels  in  the  gap)  than  large  band-gap  materials. 

The  basic  physics  of  deep  leveN  s  illustrated  stnematically  in  lig. fi'r  the 
case  of  an  .N'  impurity  re- lacing  f  in  ihe  bulk  c,'  GaP,  For  ^impiicity  we 
consider  only  the  A,  or  s-'ike  deep  state  of  the  defect.  Firs:  consider  atomic 
Ga  and  P.  which,  when  combined  into  a  molecule,  form  bonding  and 
antibonding  levels.  The  bonding-antibonding  splitting  is  of  order  I  'eoj” 
«f).  where  i-  is  the  nearest-neighl'or  transfer  maoi.x  element  and  '' 

the  energy  denominator  resuiiini;  from  perturbation  about  the  c'l.  i.te 
tight-binding  limn  The  boiuiing  and  .aiibonding  stai!^-  the  moic- 
cule  are  the  parci  .s  of  the  conduction  and  the  valence  banu.-  '  the  Nolid, 
respectively.  If  now  one  P  atom  is  replac .  ‘  by  an  N  impurity  ,»  'in.  the  N 
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Fig.  2.  Schemaiic  illuMraiit<*  of  the  dillcrence  between  “ithallow"  and  “deep"  $p'>bondcd 
substitutional  (donor)  impurities,  after  ref.  |2I|.  Tlie  shallow  energy  levcN  ii  the  band  gap  arc 
dashed.  The  deep  levels  of  A|  (s*like)  and  T;  (p*like)  symmetry  ure  denoicil  by  heavy  lines.  In 
the  case  of  a  “shallow  impunty"  the  deep  leveN  are  resonances  and  lie  outside  the  funr'.tmsutal 
band  gap:  for  a  “deep  impurity"  at  least  one  deep  level  lies  within  the  gap.  The  lowest  level  is 
occupied  by  an  cstra  electron  (dark  circles)  if  the  impunty  has  a  valence  one  greater  than  the  host 
atom  it  replaces  (e.g..  S  or  O  on  a  P  site  in  C.iP). 

will  trj’  to  hybridize  with  its  neighbors.  However,  the  aiomic  energy  of  the  N 
is  ■  7  eV  lower  than  the  corresponding  energy  of  the  F’  atom  it  replaces  (i.e., 
the  defect  potential  in  the  centraNcell  is  V  »  -  7eV).  As  a  result,  the  energy 
denominator  is  *  7  eV  larger  for  N  than  for  P.  and  (since  v  is  almost  the 
same  for  P  and  N  [7]).  the  bon-ling-ontibonding  splitting  is  smaller -and  the 
deep  level  lies  within  the  band  gap.  For  a  slightly  'ess  negat've  value  Df  V 
(i.e..  a  slightly  more  electropositive  defect  than  N.  ktich  as  S).  however,  the 
deep  level  is  reitonant  with  the  conduction  band -so  i<.dt  at  most  “shallow" 
states  bound  by  the  long-ranged  Coulombic.  -ZeVer.  part  of  the  defect 
potential  (neglected  here)  would  lie  in  the  gap.  (Here  Z  is  the  impurity-host 
valence  difference  and  is  zero  and  unity  for  N  and  S.  respectively,  replacing 
a  P  atom  in  GaP.) 


I 

v-7ev 


Myprdwaf— — 


atom  iVo'ecuie  Soipd  OdKi  *mciecui«' 

t»-  i»»j 

Fig.  .'  Sehcm.siic  lilusirauor  of  ihc  qunliiuiivc  phvMcs  of  deep  levels.  !is  di\cu*>sC’J  in  ref.  (4) 
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3.  Deep  ieveis  of  surface  defects 

The  same  basic  physics  holds  for  a  defect  at  a  surface.  The  reduction  of 
the  tetrahedral  symmetry  by  the  surface  causes  the  A,  bulk  levels  to  shift 
and  the  T,  deep  levels  to  split  into  three  orbitally  non-degenerate  levels.  For 
a  defect  at  a  free  surface  the  splittings  of  the  T,  level  are  of  order  I  eV,, 
Therefore,  the  {rce-surfacc  defect  levels  lie  at  substantially  dHjc'cnt  energies 
frtm.  the  bulk  defect  levels. 

.A  central  question  is  whether  the  pinning  defects  for  Scliottky  barrier 
formation  are  at  the  semiconductor's  surface  or  in  the  semiconductor's  bulk.; 
There  is  no  definitive  experimental  answer  to  this  question  at  the  present, 
but  we  believe  that  the  defects  are  at  or  very  near  the  semiconductor,  metal 
interface  in  environments  that  are  quite  similar  to  the  environment  of  a  defect 
at  a  free  surface.  By  this  we  mean  the  pinning  defects  are  each  adjacent  to  a 
vacancy  or  a  void  (or  a  highly  electroposuive  atom)  that  “shelters'*  it 
electronically  from  its  more  distant  neighbors:  a  defect-vacancy  pair  in  the 
semiconductor's  bulk  has  essentially  the  same  energy  levels  as  a  defect  at  a 
surface  [8] -because  deep-level  wavefunctions  are  rather  localized  to  the 
shell  of  first-neighbors  of  the  defect,  and  the  main  difference  between  a 
defect-vacancy  pair  and  the  same  defect  at  a  .surface  is  that,  at  the  surface 
(which  can  be  thougnt  of  as  a  sheet  of  vacancies),  some  second-  and 
more-distant  neighbors  are  vacancies  rather  than  atoms.  (Second-neighbor 
effects  on  a  deep  Ic'  cl  are  rarely  major.) 

Our  reasons  for  adopting  this  viewpoint  that  the  pinning  defects  are  near 
the  semiconductor/metal  interface  and  “sheltered"  in  free-surfacc-like 
environments  are:  (i)  Fermi-lcve!  pinning  can  occur  at  sub-monolayer 
metallic  coverages,  a  fact  that  is  difficult  to  explain  unless  the  relevant 
defects  are  at  or  near  the  interface;  (ii)  the  simple  bulk  point  defects,  such  us 
vacai.cies  and  antisites,  unquestionably  give  qualitatively  as  well  as  quan¬ 
titatively  incorrect  predictions  for  the  observed  behavior  of  Fermi-level 
pinning  and  Schottky  barrier  heights  (e.g..  the  bulk  antisite  Asc^^As  on  a 
Ga  site -in  Ga.As  cannot  explain  the  Fermi-level  pinning  for  n-GaAs 
because  it  produces  on!,  an  occupied  deep  donor  level  in  the  gap.  whereas 
an  unoi'cupied  .iccept.ir  ».>  required  to  achieve  Fermi-level  pinning  in  the  gap 
for  n-type  material -i.e..  the  next  available  level  for  an  electron  is  the  deep 
Iv.cl,  rather  than  the  conduction  band  edge).  In  contrast.  A\^,.,  at  the  surface 
produces  two  deep  levels  in  the  gap;  a  deep  donor  and  a  deep  acceptor:  (iii) 
without  the  concept  of  sneltcring.  the  defect  theory  would  he  in  conflict  with 
the  experimental  fact  that,  for  CuAs  and  some  other  scmi.unuuctors.  the 
deposition  of  different  (non-reactivc)  metals  in  a  scmiconductor/meial  con¬ 
tact  most  often  leads  to  the  .sf  ne  Schottky  barrier  height  (if  the  defect  were 
in  direct  contact  with  the  .ntcial.  its  energy  levels  would  be  signilicantly 
altered  by  changing  the  metal).  Therefore,  me  pinning  defect  must  be 
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adjacent  either  to  a  vacanc)’  or  to  a  ver>‘  electropD<:itive  atom  (recall  that 
electronically  a  vacancy  is  an  infinitely  clectroptisitivc  "atom"  [‘^]). 

Spicer  and  co-workers  [3].  Wiedcr  et  al.  (10).  Mfinch  et  al.  (11).  and 
Williams  et  al.  [  12]  have  presented  numerous  data  which  indicate  that  the 
surfaces  of  III-V  semiconductors  have  Fermi  levels  determined  or  "pinned" 
by  the  deep  impurity  states  of  native  defects.  The  exact  mechanisms  by 
which  these  defects  are  created  are  not  presently  understood,  but  it  i.s 
believed  that  they  are  normally  |icnerated  during  the  formation  of  the 
surface  (e.g..  by  cleavage)  or  during  the  deposition  of  a  metal  contact. 
Indeed,  the  precise  nature  of  the  native  defects  is  not  presently  known,  and 
one  purpose  of  this  wt'rk  is  to  provide  Cvtheoretical  iramework  for  identify¬ 
ing  the  “pinning  defects".  We  shall  enumerate  the  possible  native  defects, 
argue  that  the  pinning  levels  of  many  complex  defects  are  virtually  identical 
to  the  pinning  levels  of  a  f%'w  simple  ones,  show  that  some  simple  defects  can 
explain  the  obsers'ed  chemical  trends  in  Schottky  barrier  data  for  IIl-V 
.semiconductors  while  -'thers  cannot,  and  propose  a  relatively  simple  and 
specific  picture  of  the  pinning  defects. 

The  po.s.^ible  native  defects  :>.e  anion  and  cation  vacancies,  both  types  of 
antisitc  defects,  anion  and  cation  interstitials,  and  combinations  of  these.  It 
can  be  .shown,  however,  that  the  combination  defects  normally  have  spectra 
similar  to  the  sum  of  their  constituents’  spectra  [8] -and  so  we  consider  only 
the  isolated  defects.  We  also  eliminate  interstitials  from  consideration, 
because  (i)  interstitials  are  known  to  be  vers-  sensitive  to  the  local  enviro;,- 
ment  (13)  (whereas  Fermi-level  pinning  defects  arc  not),  and  (ii)  in  the  bulk, 
the  Group-Ill  and  Groep-V  atoms  have  been  obsers'ed  either  on  their  own 
sites  or  on  the  antiMtc,  but  (to  our  knowledge)  not  at  inter.s'itial  positions. 
Defects  associated  m  'th  the  met.'il  atoms  originating  from  the  metal  of  the 
contact  are  not  considered  because  (i)  for  some  semiconductors  at  least,  the 
Schottk}'  barrier  heights  are  relatively  independent  of  the  r..cial.  and  (ii)  for 
most  of  the  s'-miconductors  of  interest,  the  metal  atoms  themselves  do  not 
produce  thr  required  deep  levels  in  the  fundamental  band  gap. 

Thus  wc  are  left  with  an  apparently  simple  problem:  compute  the  deep 
level.-,  of  the  vacancies  and  the  anti.site  dcfeci.>.  and  determine  if  tl>:se  level.s 
explain  the  ob.'-erv.mons.  in  ma’  ing  those  calculations. ‘however.,  we  must 
recognize  th.nt  this  or  any  tl-cor>  uncertainties  of  order  eV  (part  of 
which  is  due  to  the  neglect  of  lattice  re!.;\ation  around  the  defect).  There¬ 
fore.  we  do  not  simply  compare  the  theory  with  date,  i'ut  instead  we  (i) 
eliminate  as  many  as  possible  of  the  Fcmti-levcl  pinning  assignments 
because  the  theory  and  the  data  disagree  by  XL^eV.  and  (ii)  make  our  final 
assignments  or  the  basis  of  the  observed  chemical  trend*  in  the  Fcrmi-lcvel 
pinning  positions  from  one  scmic.'iidector  to  another. 

The  calculations  empio;  an  empii.eal  tight-binding  Hamilionitin  (b)  'or 
the  host  semiconductor.  Since  the  parameters  of  this  Hamilionitin  exhi.ni 
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chemical  trends,  the  defect  potential's  matrix  elements  can  be  estimated  from 
the  trends  [4].  In  the  localized-orbital  spV'  tight-binding  basis,  the  detect 
potential  V''  is  diagonal  (provided  we  assume  that  the  lattice  docs  not  relax 
around  the  defect!  with  elements  proportional  to  the  differences  between 
the  atomic  energies  of  the  defect  and  the  host  atom  it  replaces.  The  deep 
levels  of  the  defect  are  obtained  by  solving  the  secular  equation 

det(  1 -(£-//„)■' V]  =  0  . 

where  H„  is  the  host  Hamiltonian  and  E  is  the  deep  Icxcl.  For  the 
calculations  reported  here.  H„  describes  a  relaxed  (110)  III-V  surface  with 
the  27*  rigid  rotation  of  the  anions  out  of  the  surface  plane,  and  V  is  a 
matrix  simulating  the  central-cell  potential  of  a  deffect  at  the  surface. 
However,  a  far  simpler  model  involving  defect-vacancy  pairs  m  the  bulk  or 
at  an  interface  would  give  similar  results  (14):  -n  the  simpler  case  H„  would 
represent  the  sheltering  vacancy  and  the  cluster  of  atoms  at  the  defect  site 
(before  the  defect  is  introduced)  and  at  surrounding  first-  and  possibly 
more-distant-neighbor  sites.  The  details  of  solving  the  secular  equation 
either  for  a  defect  at  the  free  surface  [15]  or  for  a  simplified  cluster  model 
[14]  have  been  described  elsewhere. 


4.  Results  for  III-V  semiconductors 

The  results  of  our  calculations  of  the  Schottky  barrier  heights  (i.e..  the 
binding  energies  of  the  lowest  incompletely  occupied  one-electron  level  of 
the  neutral  impurity  with  respect  to  the  conduction  band  edge)  are  given  in 
fig.  4.  where  we  have  assumed  that  the  defect  responsible  for  Fermi-level 
pinning  is  the  cation-on-anion-site  antisite  defect  at  the  surface.  The 
agreement  between  theorx'  and  data  is  strikingly  e.xcelicnt.  and  strongly 
supports  the  hypothesis  that  this  antisite  defect  is  responsible  for  the 
obsened  Schottky  barrier  formation.  (The  two  vacancies  and  the  other 
antisite  defect  fail  to  reproduce  all  the  .  bserved  trends.) 

This  success  does  not  mean  thtit  ail  Schottky  barrier  formation  in  lll-\’ 
semiconductors  is  attributable  to  Fermi-level  pinning  by  cation-on-anion-<iie 
defects.  Although  an  aniN'ie  defect  can  be  formed  with  less  free  energy  th;.r 
a  vacancy  [lb],  we  believe  Fermi-level  pinning  by  vacaneies  has  been 
observed  for  InP  contacts  with  reactive  metals  [17],  Indeed,  the  apparent 
dependence  of  Schottky  barrier  height  on  chemical  reactivity  [12. 17. IS]  can 
be  explained  in  terms  of  chemical  reactions  changing  the  dominant  defect 
from  an  antisiie  to  a  vacancy.  The  reactive  metals  combine  with  P  makn.g 
stable  compounds,  leave  P  vacancies  (V',,).  In  InP  these  vacancies  arc 
predicted  to  yield  shallow  donor  levels  .n  the  fundamental  gap  near  the 
conduction  band  edge:  these  level.<>  pm  the  Fermi  energy  and  vicid  a  small 
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(I6|  J.A.  Van  Vechicn.  J.  Electrochcm.  Soc.  122  (1975)4I«.  423.  The  dcfeci  formai:»n  process  is 
.imosi  cenainly  an  event  iha;  occurs  far  from  equitibnum. 

(171  J.D.  Don-  and  R.E.  Allen.  J.  Vacuum  Sei.  Tcchnol.  2(1  (I9S2)  6.«. 

(Ifi)  LJ.  Bnl'^on.  Surface  .Sci.  Repi.  2  (I9tl2)  1.72.  and  references  therein. 

(19)  y.  Shapira  and  LJ.  Bnllson.  J.  Vacuum  .Sci.  Tcchnol.  Bl  (198.7)  AIK. 

(20)  O.F.  Sankey.  R.E.  Allen  and  J.D.  Dow.  Solid  State  Commun.  49  {l'is4)  1. 
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We  have  used  a  varict)  of  novel  approaches  in  characterizing  mctal-semicondu'ior 
interfaces  -  soft  X-ray  phoioemtssicn  spectrosrop)  with  interlayers  or  markers,  surfacu  photo- 
voltafe  spectroscopy,  and  catliodoiuminescence  spectroscopy,  coupled  with  pulsed  laser 
annealing -to  reveal  systematus  between  interlace  chemical  and  eleetroni;  structure..  The 
chemical  hasi.\  for  these  interfacial  properties  suggests  new  avenues  for  controlling  eicctrrr.ic 
structure  on  a  microscopic  .seal.  . 


1.  Introduction 

With  the  ippiication  of  surface  science  techniques  to  the  studs  of  metal- 
sen. -conductor  interfaces,  considerable  progress  has  been  achieved  in 
understanding  the  interactions  which  take  place  at  the  microscopic  junction 
and  their  influence  on  macroscopic  electronic  properties  (1-fi).  In  particular, 
it  is  now  generally  accepted  that  the  e.\trinsic  electronic  states  of  a  metal- 
semiconductor  interface -o.g..  those  due  to  some  interaction  between  metal 
and  semiconductor -rather  than  any  intrinsic  states  present  at  the  semi¬ 
conductor  surface -dominate  the  Schottky  barrier  formation..  Considerable 
evidence  for  thc.se  conclusions  has  been  derive,  from  contju:  potential  [7,8]. 
surface  phoiovoltagc.  low  energy  electron  loss  U\’  (12.1.'].  and  .<ofi 

X-ray  photoemission  spectroscopies  |l'l-21].  With  these  techniques,  research 
groups  around  the  world  have  found  strong  charge  transfer  and  atomic 
redistribution  occurring  with  the  depo.siiion  of  only  a  few  monola>ers  or  less 
of  deposited  metal  on  clean,  ordered  .semiconductor  surfaces  Thus  related 
pheniuiiena  such  as  chemical  reactions.  ditTusion.  formation  of  defects, 
dipoles,  and  alloy  !ayer>  at  the  met...'  —  •miondi  .'tor  interlace  ar..  observed 
whuh  can  acciuint  for  Schottky  harrier  lormaiion  on  an  atomic  scale.  Within 
the  Iasi  few  \e;  rs.  this  body  .>f  work  h.as  been  c.xicndcd  reveal  further 

•  Tins  »(irii  rcp<iritfd  here  w;is  curris-J  oui  in  ci'llahnr.'jiion  with  C  F  Un-cker.  A  Kiiinjni.  M 
ke!i..  C  Mur^.iriiondo.  H.  Richie.’.  Y.  Sniipiru.  .M  Slude.  and  N  G.  Sintfei 

().'7.s;.5%.*/s.s'5;i).;,.'(i  Elsevier  Sc.enee  Pui’!i.shers  B 
(North-Holtand  Physics  Publishing  Divisi.m; 
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A  theory  of  the  phonon  spectral  densities  of  states  is  reported  for  the  long-lived,  metastable,  crys¬ 
talline  alloys  'GaSb)|_,lGe.),,  assuming  both  a  zinc-blende-dtamond  phase-transition  model  of  the 
metastable  structure  and  an  on-site  substitutional  model  without  a  phase  transition.  Comparison  of 
both  models  with  the  data  strongly  favors  the  phase-transition  model,  but  not  so  strongly  as  to  he 
absolutely  compelling  evidence  for  the  model.  The  theory  is  evaluated  with  use  of  the  recursion 
method  and  a  rigid-ion  approximation  with  first-  and  second-nearest-neighbor  force  constants.  The 
evolution  of  the  spectra  with  increasing  x  is  predicted,  and  is  considerably  more  complicated  than 
that  given  by  either  a  vinual  crystal  or  a  persistence  approximation.  Principal  spectral  features  arc 
associated  with  vibrations  of  various  bonds.  All  of  the  major  anomalies  in  the  Raman  data  are  ex¬ 
plained:  (i)  The  alloy  dependence  of  the  Ge-like  LO  Raman  linewidth  is  related  to  the  entropy  per 
site.  Iiil  The  discontinuity  as  a  function  of  x  in  the  Raman  peak  position  of  the  Ge-like  LO  mode  is 
due  to  the  changing  importance  of  vibrations  associated  with  Ge— Ge  and  Ge— Ga  bonds,  (iiii  The 
anomalous  asymmetries  of  the  GaSb-like  and  Ge-like  LO  Raman  peaks  are  attributed  to  spectral 
features  associated  with  Sb-Sb  bonds  and  Ca— Ce  bonds,  respectively.  (iv)  The  LO-TO  splitting  at 
kaO  is  proportional  to  the  order  parameter  of  the  phase  transition  and  decreases  from  the  GaSb 
value  to  zero  as  x  increases  to  x,=:0.J.  The  model  lends  strong  but  indirect  support  to  the  pha.-c- 
transition  model  over  the  on-site  model,  because,  as  a  function  of  x,  the  maximum  Raman  linewidth 
coincides  with  the  maximum  entropy  in  the  phase-transition  model,  but  not  in  the  on-site  model. 


1.  INTRODUCTION 

Recently  Greene  et  al.  fabricated  metastable,  substitu¬ 
tional,  crystalline  alloys  of  group-IV  elements  with  IIl-V 
compounds  such  as  (CaAsli.j^lGe;);^  (Ref.  H  and 
(GaSbi|_j,(Ge;)x  (Ref.  2).  Unlike  conventional  quasi- 
binarv  III-V  alloys  such  as  GaAS].,?,,  the  characteriza¬ 
tion  of  the  disorder  in  this  new  type  of  alloy  is  complicat¬ 
ed  by  the  fact  that  three  electronically  different  elements 
are  distributed  on  the  lattice  sites  of  two  face-centered- 
cubic  sublattices.  The  first  theoretical  approach  to  this 
problem,  proposed  by  Newman  ei  al.,^  ’  is  based  on  a 
mean-field  theory  in  which  a  zinc-blende— diamond 
(order-disorder)  phase  transition  occurs  at  an  alloy  com¬ 
position  .V,  sO.3.  This  approach  successfully  explains  the 
observed  U-shaped  bowing  of  the  direct  band  gap  in 
(GaAs)._x'Ge2'x  as  a  function  of  composition  x.^  Fur¬ 
thermore,  unambirao  is  confirmation  of  the  predicted 
phase  transition  has  !>een  reponed  in  the  recent  x-ray  dif¬ 
fraction  measureme  .s  of  (GaSbt|_,(Ge;)x  by  barnett 
el  u.' '  Effects  of  the  disorder  in  the  alloy  are  also  seen  in 
the  vibrational  properties  of  iGa.\s)|_,iGe2)x  and 
iGaSb’,  -jiGe;',,  .o  shown  in  some  recent  mea-urements 
of  their  Raman  spectra.'’"'* 

In  this  paper,,  we  consider  the  (GaSb)i_,iGe;),  Raman 
data  of  Krabach  al."  and  Besern  .in  ei  u!.,'  which  show 
anomalously  broad  linewidths  for  compositions  in  the 
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range  x:s0.2-0.7..  In  order  to  understand  how  the  disor¬ 
der  affects  the  vibrational  properties  of  these  metastable 
alloys,  we  calculate  the  vibrational  densities  of  states  of 
(GaSbli.xIGe,),  using  the  recursion  method.’”"'*  We 
employ  t'vo  theoretical  models  of  the  disorder,  one  based 
on  the  predicted  phase  transition,  and  one  'without  an 
order-disorder  transition)  that  assumes  the  Ge  merely  di¬ 
lutes  the  GaSb  without  leading  to  the  formation  of  any 
antisite  defects  or  Sb-Sb  bonds.  The  resulting  densities 
of  phonon  states  of  (GaSbii.x^Gc^lx  are  compared  with 
the  Raman  data.*  ’ 

The  recursion  method  has  been  applied  pre'  iouv'v  to 
theoretical  studies  of  phonons  in  perfect  crystals,’’  but.  to 
our  knowledge,  the  present  work  represents  one  of  the 
Trst  applications  to  semiconductive  crystalline  alloys,''' 
and  the  first  application  to  '  ),  metastable 

alloys.  The  recursion  methivd  is  basically  a  contin..vd- 
fraction  scheme  for  calculating  the  Green's  function  and 
the  local  density  of  states  at  a  central  site  of  a  cluster  of 
atoms  in  real  space.  A  major  advantage  of  the  method 
over  other  cluster  schemes  is  that  the  continued-fraction 
truncation  does  not  introduce  spunous  gaps  las  a  supercell 
scheme  does)  or  su'face  states  las  a  finiiL-«.  uster  method 
does).  A  clear  ami  c.micisc  discussion  .of  the  method  is 
given  in  the  work  of  Ne  .''  and  Haydock;  '  ihe  computer 
subroutines  used  to  evaluate  the  densities  of  p.aonon  states 
are  the  Cambridge  Recursion  Library:  '  mam  routines  are 
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listed  in  Ref;  15.  The  method  properly  accounts  for  the 
local  environment  surrounding  the  central  atom  in  a  clus¬ 
ter,  and  thus  it  is  ideally  suited  for  obtaining  local  densi¬ 
ties  of  states  in  any  disordered  system,  especially  one  that 
is  well  described  by  a  localized  basis,  such  as  a  tight- 
binding  model.  The  advantage  of  the  recursion  method 
over  other  commonly  employed  alloy  theories  (such  as  the 
coherent-potential  approximation)  is  that  the  effects  of 
clusters  of  minority  atoms  are  explicitly  included,  and  so 
the  theory  is  accurate  beyond  orders  x  or  (1  — .v) — while 
the  coherent-potential  approximation  is  not. 

The  main  shoncoming  of  ihe  method  is  that  it  is  not 
well  suited  for  handling  long-ranged  forces,  such  as  the 
dipole-dipole  interaction  responsible  for  the  Lyddane- 
Sachs-Teller  splitting  of  longitudinal  and  transverse  optic 
phonon  modes  at  the  center  of  the  Brillouih  zone.'* 
Nevertheless  a  previous  recursion  calculation  for  the 
quasibinary  semiconducting  alloy  Al,Gai_;tAs  (Ref.  14) 
showed  that  the  method,  despite  its  neglect  of  long-ranged 
forces,  is  useful  for  correlating  pe.iks  in  the  density  of 
phonon  states  with  major  features  c:'  Raman  and  infrared 
spectra,  and  for  associating  those  peaks  with  specific  local 
atomic  configurations  in  the  alloy. 

In  this  paper  we  compute  the  phonon  spectral  densities 
of  states  assurhing  two  models  of  substitutional  ajlqy  dis¬ 
order;  (i)  ah  on-site  model,  in  which  cations  always 
remain  on  nominal  cation  sites,  and  (ii)  a  phase-transition 
model,''''*  in  which  all  atoms  can  occupy  either  nominal 
cation  or  nominal  anion  sites. 

II.  THEORY 


long-ranged  Coulomb  forces  to  zeio.  There  are  a  number 
of  disadvantages  associated  with  this  simple  model.  The 
most  important  is  the  neglect  of  all  long-ranged  Coulomb 
forces,  which  are  responsible  for  (i)  the  nonzero  splitting 
of  the  longitudinal  t'ptic  (LOl  and  transverse  optic  iTO) 
modes  at  the  center  of  the  Brillouin  zone  for  zinc-blende 
materials  (due  to  the  dipole-dipole  interactions!,  hi)  addi¬ 
tional  contributions  to  the  splitting  of  the  LO  and  TO 
modes  away  from  the  Brillouin-zone  center  (due:in  part  to 
the  dipoles  induced  in  vibrating  polarizable  atoms?,  and 
(iii)  the  flattening  of  the  transverse  acoustic  (T.A)  branch 
near  the  Brillbuin-zone  boundary.  These  long-ranged  ef¬ 
fects  have  been  incorporated  in  previous  models,  such  as 
the  shell  model or  the  bond-charge  mode!.'''  but  are 
neglected  here  because  our  primary  interest  is  the  study  of 
the  effects  of  local  alloy  -lisorder  on  the  phonon  spectra. 

Justiflc.ition  for  the  neglect  of  Coulomb  forces  is  af¬ 
forded  by  the  fact  that  (i)  effective  charges  im  these  ma¬ 
terials  are  typically  very  small  (-0.1  eVi  iRef.  20i  and  (ii) 
Herscovici  and  Fibich'''  have  shown  that  a  model  which 
includes  second-nearest-neighbor  force  const.mts  incorpo¬ 
rates  enough  of  the  long-ranged  forces  to  aoequa'ely 
simulate  much  of  the  essential  qualitative. physics  result¬ 
ing  from  those  forces.  With  the  rigid-ioh  model  and 
without  the  longrrajiged  Coulomb  forces;, the-application 
of  the  recursion  method  is  tractable  and  even  straightfor¬ 
ward. 

In  'he  harmonic  appro.\imation  fusing. Dirac  notation), 
the  time-independent  eigenvalue  equation  of  motion  for 
the  displacement  of  the  lattice,  6R  >.  is 

6R)  =  .l/n=  5R>  .  (2.1) 


There  are  three  basit  steps  to  our  theory:  (i)  The 
development  of  an  adequate  theory  for  describing  the 
dispersion  relations  and  phonon. densities  of  states  of  pure 
GaSb  and  Ge  (Sec.  II  A);  (ii)  the  modeling  of  the  alloy 
statistics — that  is,  the  determination  of  the  probabilities 
that  a  site  is  occupied  by  each  of  the  atoms  Ga,  Sb,  and 
Ge  (Sec.  II B):  and  (iii)  the  proposing  of  prescriptions  for 
determining  the  force  constants  in  a  specific  cluster  of  the 
alloy  in  terms  of  the  force  constants  of  GaSb  and  Ge  (Sec. 
II C).  Details  of  the  calculations  are  in  the  .Appenoices. 

A.  Phonons  in  GaSb  and  Ge 

/.  Force  constants  and  dispersion  relations 

We  assume  the  harmonic  approximation  and  use  a  .sim¬ 
ple  rigid-ion  model  to  parametrize  the  phono;'  dispersion 
curve.s  {>!'  GaSb  and  Ge,  ignoring  all'  but  the  first-  and 
second-nearcst-iieighbor  force  constants:  we  also  set  the 

_ I 


where  the  di.splacement  in  the  tth  direction  <(  =.v.  ,r.  or  :) 
of  the  bth  atom  (b  =  anion  or  cation,  in  the  nth  unit  cell 
(at  R„)  is  {n,b.i  .  6R),  and  M  and  <l>  are  the  mass  and 
force-constant  matrices,  respectively.  Here  we  have  the 
mass  matrix  (in  the  '  ii.hj)  basisc 

.\/=  .  (2.2) 

The  force-constant  matrix.  {ii,b,i  <1>  vanishes 

unless  hub)  and  {n',b')  refer  to  the  .same  atom,  nearest 
neighbors,  or  .second-nearest  neighbors.  Taking  the  posi¬ 
tion  of  the  bth-atom  in  the  nth  unit  cell  to  be  R„  if  .b 
refers  to  an  anion  site  of  the  underlying  zinc-bl-nde  struc¬ 
ture  (Va=0),  and  R„-fv<.  if  b  refers  to  a  cation  site,  we 
note  that  for  the  zinc-blende  lattice,  we  have 
Vf=t(;t/4)(  1.1,1)  with  u/.  being  the  lattice  constant. 
Then  we  have,  for  the  force  constants  between  the  anion- 
site  atom  and  its  nearest  cation-site  neighbor  in  the  same 
unit  cell; 


(.V 

( n,  b  =anion.  i  ‘b  ;  n.  /,''  =  cation.  /')  =  (y 

<■ 


x)  y>  z) 
a  P  P 
pap 


i2;.3) 


where  the  rows  anti  columns  are  labeled  by  i  and  f '.  The  values  of  a  ;n'J  p  de,nend  on  the  two  atoms  at  either  end  of  the 
chemical  bond  between  hi,bi  and  hi'.b'K  for  e.xample,  in  pure  GaSe  we  liave  just  two  parameters'  oiGa— Sb)  and 
/J(Ga— Sb).  The  other  nearest  neighbors  to  an  anion  atom  at  R„  are  in  diffirent  unit  cells,  and  [he  corresponding  force- 
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coi'.stant  matrices  are  obtained  by  symmetry  opera.. ons.  as  given  in  Appendi.s  .A.  The  .second-neare.st-neighbor  force- 
constant  matri.v  between  the  anion  atom  at  R„  and  me  one  at  R„-= R„  -f  (c//.  /2)(0. 1 . 1 )  is 

x)  IJ')  iz) 

(x  I  Q  0 

C  4-) 

(«,  b  =  .:r.ion..-  <b  j/i\  6*®ailion.  i')  =  <.v  j  0  Jta  ''a 

0  fi, 


.Appentlii!;  A  shews  how  the  forcdiCOtistant  matrices  for 
.ither  second  neighbors  are  related  to  Eq.  '2.41;  a  similar 
e.spression  holds  for  cations,  with  /<,,  and  v,. 

The  remaining  nonzero  elements  of  the  force-constant 
matri.x  are  the  di  igonal  elements,  which  follow  fn.m  the 
requirement  of  i  'variance  of  the  equations  u.nder  infini¬ 
tesimal  translation  of  the  crystal: 

=  —  n'.b',i''' ,  (2.5) 

n*ib‘ 

where  the  prime  on  the  summation  indicates  that 
{n’,b')=\n,bi  is  e.xcluded. 

Taking  advantage  of  the  translation-group  symmetry  of 
the  lattice,  we  change  basis'to  Bloch  states: 

;  k.b.t  >  2  «,b,/ )e.\p(-/k-(R„ -f  vi fj  ,  (2.6) 

where  .V  is  the  number  of  unit  cells  and  k  lies  in  the  first 
Brillouin  zone.  In  this  Bloch-type  basts  set,  the  equation 
of  motion,  Eq,  (2.1),  can  be  written  as 

{(l'l~D>5R)=:0  (2.7) 

or 

2  'fi’SoAi— (k.b,/  D  1  k,b'./'>)<k,b',/'i5R)=0  , 

(2.8) 

where,  we  have 
(k.6./!D!W) 

n* 

Xe.\p[jk-(R„--fVj — R/i-Vfc)]  . 

(2.9) 

This  is  the  dynamical  matri.x  element  in  the  Bloch-type 
basis  set,  |k,b,/).  The  phonon  dispersion  relation  is 
determined  from  the  secular  equation  (2.7)  or  (2.8),  for  a 
finite  set  of  k  values  in  a  Brillouin  zone.  The  crystal 
eigenstates  are  linear  combinations  of  the  above  Bloch- 
type  basis  states: 

,  k.s)=  2  !«.•?). k.i./)  .  (2.10) 

Using  the  first-  and  second-nearest-neighbor  force- 
constant  tnatrices  given  in  Eqs.  (2.3)  and  (2.4)  (and  those 
in  Eqs.  (A4)  and  (A5)  in  .Appendi.x  AJ,  as  well  as  the  “on¬ 
site  force-constant  matrices"  determined  by  the  relation  in 


Eq.  (2.5),  the  dynamical  matri.x  in  the  present  model  is 
con-tructed  as  summarized  in  Appendi.x  B. 

.Numeric  il  values  for  the  force-constant  parameters  for 
pure  crystals  with  zinc-blende  structure  can  be  obtained 
by  fitting  the  model  to  e.xperimental  data  at  several  sym- 
n*e''\  points  in  a  Brillouin  zone,  and  to  elastic-constant 
data.  Appendi.x  C  contains  a  detailed  description  of  the 
fitting,  procedure.  .A  tabulation  of  the  resultant  values  of 
the  force-constant  parameters  as  well  as  the  atomic 
ma.>ses,may  be  found  in  Table  1  for  GaSb  and  Qe,  and  in 
Ref.  15  fof  other  semiconductors. 

2.  Densities  ofzstates. 

To  obtain  the  densities  of  phonon  states  for-GaSb  and 
Ge,  we  employ  10(X)-atom  clusters  and  e.xecute  the  recur¬ 
sion  method  to  51  levels  of  continued-fractions.  These  pa¬ 
rameters  are  found..to  be  necessary  to  obtain  good  repre¬ 
sentations  of'the  densities  of  phonon  states  and  to  produce 
well-converged  spectra;  The  phonon  dispersion  relations 
are  compared  with  available  data,  and.' the  densities  of 
states  calculated  by  the  recursion  method  are  compared 
with'those  evaluated  using  the  Lehmann-Taut  method*'  in 
Figs.  1  and  2  for  GaSb  and  Ge,**""  respectively.  As  one 
can  notice,  the  sharp  Van  Hove  singularities’*  present  th 
the  Lehmann-Taut  densities  of  states  are  absent  from  ,the 
densities  of  states  obtained  by  the  recursion  method. 
Thus  the  recursion  method  is  limited  to  representing  den¬ 
sities  of  states  of  all  lys,  where  the  perfect-crystal  Van 
Hove  singularities  are  e.xpected  to  be  blurred  by  the  disor- 


TABLE  I.  Force-constant  parameters  (in 
dyn/cm)  and  masses  (in  units  of  10”'*  g). 

units  of  10’ 

GaSb 

Ge 

a 

-39.525* 

-49.470 

P 

-37.159 

4.500* 

5.821 

K 

4.500* 

5.821 

-3.697* 

-3.0')2 

/‘c 

-4.467* 

-3.092 

Vj 

-3.697' 

-3.092 

‘c 

-4.467‘ 

-3.092 

Sh 

202.1695 

120.5379 

.'L 

115.7722 

120.5379 

‘Parameters  for  Ga.As  obtained  from  Ref.  22. 
parameters  for  GaSb  as  well. 

We  used  these 
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WAVE  NUMBER  X''  (cm"') 
0  .  too  .200 


.ENERGY  -Sfl  lmeV) 


FIG.  r.  Densiiies  of  phonon  si;i  i-tVnes  1  O'*  rad/sec  Hop) 
and  phonon  dispersion:  curves  (botidm)  for  GaSb'.  The  density 
of  states  obtained  by  the, recursion  method.  isoiidTii’.c  is  com¬ 
pared  with  the  one  obtained  by  the  Lehniann-Tai:'  method 
(dashed  line).  The  phonon. dispersion  curves  are  obtamed  using 
the  force-constant  parameteiis  for  8aSb  from  Table  1  (solid 
lines),  and  are  compared  with  the  infrared  reflection  data  from 
Ref.  23  at  P  point  (circles),  and  with  the  neutron  scattering  data 
from  Ref.  24  (dotted  lines).  The  energies  of  various, phonons  are 
denoted  on  the  densiiy-of-staies  figure,  as,  for  e.xample,  LO:  L\K 
for  the  LO  phonon  at  the  U  and  K  points  of  the  Brillouin  zone. 
The  symmetry  points  of  the  Brillouin  zone  are  T =(0,0,0),  L 
=  (2a-/at)(l,'4-,-^),..V=(2ffA,J(  1,0,0),  f/=(2-/at)(l,|.-r), 
and  A'=(2n-/ai)(4,7,0). 


B,  Alloy  statistics 

In  order  to  tieat  the  phonons  in  these  alloys  in  a  trac¬ 
table  manner,  we  first  need  to  model  the  distribution  of 
the  three  types  of  atoms  on  the  two  face-centered-cubic 
sublatiices.  The  simplest  approach  is  to  view  the  substitu¬ 
tional  alloy  as  a  III-V  compound  with  an  underlying 
zinc-blende  structure,  but  with  the  group-lV  elements 
dispersed  randomly.  If  at  first  sye  assume  an  "on-site 
model,"  the  probability  of  occupancy  of  each  atom  (Ga, 
Sb,  and  Ge)  on  each  nominal  .sublattice  .site  (a=anion  site, 
or  c=cation  site). is  given  by 


(Foa)f  =  <Fsb)‘a  =  l-.V  , 

(2.11a) 

^  Fsb  )f  —  ^  Fqj  =  0  , 

(2.1  lb) 

and 

(Fo...)c  =  <PGc)a=-'‘  - 

(2.11c) 

Note  that  these  probabilities  allow  v.iilv 
alloy  clusters:  the.'e  is  zero  probability 

.1  limited  type  of 
that  a  Ga  atom 

WAVE  NUMBER  X"' (  cm"' ) 


I _ I. 


0  10  20  30  40 

ENERGY  Tiil  (.TeV) 


FIG.  2.  Densities  of  phonon  states  times  lO'*  rad/sec  (top) 
and  phonon  dispersion  curves-lbottoml-for^Ge.  The  densiiy  of 
states  obtained  by  the  recursion  method  (solid  line)  is  compared 
with  the  one  obtained  by  the  Lehmann-Taut  method  (dashed 
line).  The  phonon  dispersion  curves  are  obtained  in  the  present' 
model  (solid  lines ,  and  are  comparedwiih  the  neutron  scatter¬ 
ing  data  from  Ref.  25  (dotted  lines), 


will;  sit  ne.Nt  to  a  Ga  atom,  for  e,\ample — there  are  no  an¬ 
tisite  defects  such  as  a  Ga  atom  on  an  Sb  site,  and  hence 
no  Ga— Ga  or  Sb— Sb  bonds. 

Missing  from  the  probabilities  in  Eqs.  (2.1  la)-(2.1  Ic)  is 
the  idea  of  Newman  et  which  postulates  that 
(GiiSb)i_^(Ge;)^  (like  (GaAs)i_,(Ge;);,]  undergoes  a 
phase  transition  as  a  function  of  alloy  composition  .v  from 
a., one  blende  to  a  diamond  ttructurc.  They  define  an  or¬ 
der  parameter  M  which  is  nonzero  in  the  zinc-blende 
phase  and-is:zefo  in  the  diamond  phase  '.vi.-ice  there  is  no 
distinction  between  “anion"  and  "cation"  in  the  diamond 
sifucture): 

A'  =((/’Ga)c-<^aa)4-hVFsh>e-(/’sb)^/2-  (2.12) 

I ‘.we  assume,  for  simplicity,  that  Ge  occupies  both  types 
of  (sites  with  equal  probability  l(Foe)f  =  (Fot>a),  and 
also  that  nominal  zinc-blende-latticc  sites  are  occupied  by 
bfit  of  the  three  types  of  atoms,  then  we  have  simply 

i\L=  (Fqj  )(  —  (Foa  )a 

=  <Fs,.)a-(F,b),  .  (2.13) 

This  order  parameter  can  take  on  all  the  values  from 
.V  -  r  to  1  -  .c:  If  .ill  the  Ga  atoms  occupy  nominal  cation 
.sites,  then  we  have  .V,'  =  1  —x\  il  the  (Da  atoms  are  dis¬ 
tributed  evenly  over  nominal  cation  -ites  -md  nominal 
anion  sites,  then  we  have  .l/=0:  if  all  ‘iie  Ga  atoms  a.'-e 
on  the  nominal  union  sites,  then  we  h.ive  A/  =.v  — 1;  and 
if  we  ha\e  M  ,  1  -.v,  then  some  anions  and  cations  are 
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found  on  nn.r.inally  ■’wrong"  sublaitice  sites.  The  average 
occupancies  '>f  Ga.  Sb.  and  Ge  atnn-.s  on  nominal  cation 
.sites  c  and  on  nominal  anion  sues  a  in.  the  pha.se- 
o'ansif.on  model  arc  snniinarized  as 

<F«..),=(l-.x-.V/./2. 

12.14a) 

(„Po,N,=il-.x-.V.'  2. 

(2.i4b) 

(Psh>c  =  'l--v--.Vf)/2. 

1 2. 14c) 

(Fsh><.=(1-.v-^.V/)/2. 

l2.14d) 

and 

(2.l4e) 

The  order  pararreter  AJl.v)  is  det.rrhined  within  a  mean- 
field  approximation  as  the  solution  of"'* 

.V//(l-.x)  =  tanh(.V//(l-.v,)]  ,  (2.15) 

where  the  phase-transition  composition  is  extracted 
from  data.  We  use  x.  =0.3  as. is  suueested  by  both  the 
optical  ab.sorption’  .ii‘d  the  x-ray  difiV.action  data.'  We 
note  that  the  probabilities  of  atomic  distribution  in  the 
oh-site  model,  Eqs.  2n  lai— l2.'ric),  can  be  bbTaihed  sim¬ 
ply  from  the  phase-transition  model  probabilities.  Eqs. 
(2.14a)-(2.14e),  by  replacing  .i/ with  l-.x. 

It  should  be  emphasized  that  the  present  calculations 
are  based  on  the  phase-transition  theory  of  the  alioy  as 
evaluated  in  a  mean-field  approximation.  To  be  sure,  the 
mean-field  approximation  is  not  exact  and  an  improved 
theory  may  be  needed  as  the  data  for  (GaSb)i_.<(Ge2l.,  are 
refined.’*  Indeed  Holloway  and  Davis'^  have  recently 
suggested  an  alternative  model  of  the  similar  alloys 
(GaAs)i_.<(Ge2).,  in  which  they  forbid  the  formation  of 
As-.As  .ind  Ga-Ga  bonds— and  hence  forbid  the  order- 
disorder  phase  transition.  Their  model  assumes  that  the 
zinc-blende-diamond  transition  is  percolative  in  nature, 
i.e.,  jhe  transition  is  assumed  to  be  controlled  by  geometry 
alone,  with  a  transition  composition  .x,  characten.itic  of  a 
site-diluted  diamond  lattice,  .x,~0.6.’'  Thus  iheir  model 
does  not  either  include  differences  in  vlustering  that  can 
arise  from  different  growth  techniques  or  allow  for 
temperature-dependent  growth.  (For  example,  the  restric¬ 
tion  of  eliminating  Ga— (3a  and  As— .As  bonds  forces  the 
probability  of  finding  a  Ga-Ge  bond  to  be  identical  to 
the  probability  of  finding  a  Ge— As  bond.)  Given  the 
dependence  of  iGa.-V,>(i_t  GeO.,  electronic  structure  on 
growth  conditions  seen  e.v,ierimentall\,’  '*  and  the  e.\- 
istence  of  x-rav  diffraction  data  supporting  the  idea 
of  a  zinc-bicnder-diamond  phase  transition  lor 
(GaSbli.^iGe.o,,,’  we  elect  to  concentrate  here  on  the 
model  which  ..onlains  those,  features.  We  do,  however, 
study  the  differeiKe  in  phiinon  densities  of  jtat.s  obtained 
between  distributu  is  given  by  Eqs.  i2.t  lai— <2.1  ICi  and 
Eqs.  (2.14a)-(2.14e.'.  '' 

C.  Force  constant.v 

Based  on  the  atomic  distributions  defined  in  Eqs.  I2.II) 
and  '2  14'  above,  we  generate  a  l(XK)-atom  cluster  'using  a 
random  number  generator'  in  which  the  distribution  of 
masses  is  given  either  by  Eqs.  2.1  lai-O.I  lo  for  the  case 


o;  .U  =  1  —.X,  or  by  Eqs.  i2.i4a;  -  2.14e)  for  the  case  of  M 
determined  by  ihe  nean-field  theory  widi  the  occurrence 
of  the  phase  trail  -lion  at  .Xf=0.3.  Using  the  force- 
constant  parameters  for  parent  compounds  in  I'able  I.  the 
first-nearest-neigh'‘of  force  constants  a  for  the  six  possi¬ 
ble  pairs  of  firsi-neighbofing  atoms  in  iGaSbli.^iGe^lj, 
are  given  by 


a{(GaSb)|_,(Ge;l,,Ga— Ga)=u(GaSb)  , 

(2.16a) 

o((GaSbl,_,,(Ge:).,;Sb-Sb)=a(GaSb)  . 

'2.16bi 

a((GaSb)|_^(Ge)),;Ge— Ge)=0'  Ge)  . 

(2.16c) 

a(  ( GaSb )  j  _ ,  ( Gei ),, ;  Ga-Sb )  =  at  GaSb) , 

(2.16d) 

a((GaSb)|_j,(Ge>\,:Ga— Ge) 

=  (  1  —  .v)a!GaSb)-f.xa(Ge) , 

(2.16e) 

a(tGaSb)|_.,tGe2)j;Sb— Ge) 

=  i  1  —  .x)a(GaSb)-r.xatGet 

t2.160 

We  a>e  the  same  relations  for  li  for  these  pairs  of  atoms. 
The  second-nearest-neighbor  force  constants  a  for  six  pos- 
sible  pairs  of  second-neighboring  atoms  are  given  by 

/.((GaSb)i_j(Ge>,.,:Ga-Ga)=Af(GaSb)  ,  l2.17a) 

A{iGaSb'|_,x(Ge<),,;Sb-Sb)  =  A3iGaSb) .  i2.1"b) 

A(iGaSb)|_.,(Ge2).t:Ge— Ge)  =  A(Ge) .  (2.17c) 

A('GaSb)|_iiGe2i.,:Ga— Sb) 

=  (A,(GaSb)-r-A/GaSb)l/2  .  <2.17d) 

A(tGaSb)|_.,(  Ge>).,:Ga— Ge) 

=  1 1  —  .x'Aj.(GaSb)-f.XA(Ge) ,  i2.17e) 

/.(iGaSb)|_.<'Ge<)j:Sb— Ge) 

=  l  -r,v‘.VatGaSb)-r.xAlGe)  .  (2.17f) 

We  use  the  s.ime  lelations  for  the  other  second-nearest- 
neighbor  force  constants  /t  and  v .  for  these  pairs  of  atoms. 


D.  Outline  of  the  calculation 

The  local  density  of  states  di  fttfl)  in  a  disordered  sys¬ 
tem  depends  sensitively  on  the  local  atomic  environment. 
To  obt.ain  'he  total  densities  of  states  we  sum  over  an  en¬ 
semble  of  ocal  densities  of  states  as  follows;  si)  A  specific 
five-atom  minicluster  is  generated,  e.g.,  a  central  Ga  atom 
surrounded  by  two  As,  one  Ga.  and  one  Ge,  for  the  center 
of  the  l(X)0-a*oin  cluster:  i  the  probability  pi.x)  of  this 
cluster  occurring  in  an  ,\jloy  with  composition  .x  is  deter¬ 
mined  'see  .Appendix  D):  (iii)  the  remaining  )b5  atoms  are 
.idded  with  the  probability  for  each  atom  as  defined  in 
Eqs.  <2.1  lal-(2.l  Icl  or  Eqs.  (2.14ai— (2.14e):,and  (iv)  the 
local  density  of  states  computed  by  the  recursion 
method  at  the  centra!  site  of  the  minicluster  embedded  in 
Its  alloy  environment  of  the  995-atom  cluster.  The  pro¬ 
cess  is  repeated  for  all  po.ssible  miniclusters.  each  embed¬ 
ded  in  the  995-atom  cluster.  The  total  density  of  states 
per  unit  cell  is  then 
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/)(n;(GaSb)|_;,(Ge:)J=  2pAx)d,{K;a) ,  (2.18) 

K 

where  the  si’m  is  over  al)  possible  miniclusters,  and 
and  are  the  local  density  of  states  and  the  probability 
of  occurrence  of  thevth  minicluster,  respeciivejy. 

In  addition  to  the  densities  of  states  by  the  recursion 
method  for  the  above  two  types  of  disorder,  we  also  ob¬ 
tained,  for  comparison,  (i)  the  de:l^ities  of  states  for  the 
virtual-crystal-approximatidn  alloy  as  well  as  (ii)  the  den¬ 
sities  of  phonon  states  in  the  persistent  approximation,'' 
which  is  a  linear  superposition  of  the  densities  of  states  of 
GaSb  and  Ge: 

Z)(n;{GaSb)|_;,(Ge2),)=(l-x)£)(fi;GaSb)-fxZ)(n:Ge) . 

(2.19) 

In  the  following  section,  we  discuss  our  results  for  the 
densities  of  phonon  states  and  interpret  available  Raman 
data  for  (GaSb)i_;((Ge2),.*’‘’ 


WAVE  NUMBER  X*'  (cm"') 


ENERGY  hn  (meV) 


FIG.  3.  Dcnsuics  of  phonon  Mates  for  GaS'*  Oc. ,  .lih-w 
obtained  by  the  recursion  method  in  the  ease  of  M  -s  I  ~a  v>lid 
linesi,  along  with  density  of  siates  obtained  using  the  urtual 
crystal  approMination  for  ,v=:0.5  'dashed  line*.  The  assign- 
menis  given  le  promii’vni  peaks  represeni  bonds  that  arc  rcsp- 
sible  for  the  si^raiions  giving  rise  lo  the  peaks  (see  texu. 


III.  RESULTS  AND  DISCUSSION 
A.  Spectra 

In  Fig.  3  we  display  the  calculated  densities  of  states  for 
various  alloy  compositions  in  the  ca.se  of  the  on-site 
model,  i.e.,  the  model  with  M  =  1  -x,  as  well  as  the  densi¬ 
ty  of  states  obtained  by  the  virtual-crystal  approximation 
for  X  =0,5.  In  this  figure,  we  can  see  that  the  virtual- 
crystal  approximation  yields  a  single  "amalgamated"^' 
optic  band.  Thus,  this  approximation  does  not  reproduce 
the  two-mode  -'ehavicr  for  the  optic-phonon  spectrum  ex¬ 
pected  of  semiconducting  mixed  crystals:  two  sets  of 
long-wavelength  optic,  phonons  that  are  each  energetically 
close  to  those  of  the  parent  compounds,  GaSb  and  Ge. 
We  conclude  that  the  virtual-crystal  approximation- 
should  not  be  used  to  describe  phonons  in  these  materials. 

Figure  4  shows  the  densities  of  states  ci.lculated  .‘'or  the 


WAVE  NUMBER  X"'  (cm"') 


ENERGY  fill  (  .eV) 


FIG  -i  Detisillo  of  phonon  muics  for  iGaSb)|_  ,*Ge; ,,  alloy.s 
obtjincd  ' .  the  recursion  method  m  the  case  of  M  determined 
h\  mean-field  theory  solid  hnesi.  along  wnn  deiisiij  of . states 
tibiained  u-ing  the  persiMent  approMm.aion.  Eq.  2.l9i.  for 
.vat' 5  .dashed  hne«.  Tiie  assignmeiii.s  given  to  prominent 
peaks  represent  bonds  that  are  respoir-ioie  for  the  vibrations  giv- 
ing  rise  to  the  peaks  'see  text*. 
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case  of  .V/  cietermined  by  the  phase-transition  model  in  the 
mean-field  approximation,  as  well.as  the  [  -rsistent  spectra 
(Eq.  (2.19))  for  .T  =0.5.  The  persistent  .pproximation  is 
capable  of  describing  at  least  two  optic  bands  originating 
from  the  ptircnt  compounds,  although  it  does  not  include 
ail.iy  modes,  which  are  characteristic  vibrations  of  various 
atismic  arrangements  in  alloys  that  do  not  exist  in  .he 
ptirent  compounds  *e.g..  characteristic  vibrations  of  an  Sb 
atom  surrounded  by  three  Ga  atoms  and  one  Ge  atom). 
This  approximation  seems  to  work  well  for  quasibinary 
alloys,  such  as  .Al,Gai_j.As  iRef.  14),  where  the  substitu¬ 
tional  disorder  is  limited  to  the  atomic  arrangements  on 
one  of  the  two  face-ccntered-cubic  sublattices;  in  this 
case,  deviations  of  the  recursion  spectra  from  the  per¬ 
sistent  spectra  are  relatively  minor  and  can  be  yi;.ly  at¬ 
tributed  to  the  alloy  modes.  However,  in  the  ctse  of 
fGaSb)|_.,fGe;).,  alloys  (see  Fig.  4),  there  seems  to  be  a 
major  difference  between  the  persistent  spectrum  (dashed 
line)  and  the  recursion  spectrum  (solid  line).  This  obvi¬ 
ously  indicates  a  hiali  degree  of  disorder  on  both  sublat- 
ticfs,  which  gives  ri.e  to  many  different  types  of  alloy 
modes,  and  therefore  'o  a  variety  of  peaks  in  the  density- 
of-£tates  spectra. 

To  see  How  the  different  types  of  disorder  affect  the  vi¬ 
brational  densities  of  states,  we  compare  the  recursion 
spectra  obtained  from  the  atomic  distributions  defined  in 
Eqs.  (2.1  l.t)-(2.1  Ic)  and  Eqs.  (2.14al-(2.14e).  The  differ¬ 
ence  between  the.se  two  models  is  the  type  of  disorder:  in 
one  case  (the  on-site  model  of  Eqs.  (2.1  la)-(2.1  Ic)],  we 
set  the  order  parameter  >/  equal  to  1  -  .v  and  have  no  "an¬ 
tisite  defects"  such  as  Sb  on  a  nominal  Ga  site,  while  in 
the  otl  T  case  (the  [ihase-traiuition  model  of  Eqs. 
(2.14a)-  2. 14e)],  the  order  parameter  is  determined  by 
mean-field  theory  and  antisite  defects  occur  in  relatively 
high  concentrations.  The  local  densities  of  states  obtained 
by  the  recursion  method  for  e;.:h  central  atom  in  each 
configuration  of  the  five-atom  miniclusters  are  useful  an 
identifying  the  origin  of  peaks  in  the  total  density  of  vi¬ 
brational  modes.  Each  of  the  statistically  independent 
configurations  of  the  miniclusters  contributes  to  charac¬ 
teristic  peaks  in  the  density  of  states.  We  find,  however, 
that  it  is  most  convenient  to  associate  different  contribu¬ 
tions  to  the  densities  of  states  with  various  "I-  hds"  rather 
that  with  entire  miniclusters.  In  his  scheme,  we  have 
four  different  types  of  bonds  for  the  on-site  case  of 
M  =  1  —.V;  Ga— Sb,  Ga— Ge,  Ge-Sb,  and  Ge-Ge;  and 
two  additional  ones  for  th  -  case  of  M  determined  by 
mean-field  theory;  Ga— Ga  ind  Sb-^Sb.  We  concentrate 
on  the  optic  region  since  the  optic  modes  are  sensitive  to 
local  atomic  order  and  thus  exhibit  interesting  disorder  ef¬ 
fects. 

In  the  densities  of  states  calculated  with  .Vf  =  1  — .x  (Fig. 
3),  we  note  the  existence  of  some  structure  m  each  of  the 
two  main  optic  bands.  The  optic  band  at  the  higher  fre¬ 
quency  is  "Ge-like"  and  increases  in  intensity  with  in¬ 
creasing  alloy  composition,  .x,  and  the  optic  band  at  the 
lower  frequency  is  "G.iSb-iike"  and  decreases  in  intensity 
as  X  increase..  Both  longitudinal  and  transverse-acoustic 
hands  gradually  change  in  positions  and  intensities  on  go¬ 
ing  from  GaSb  to  Ge.  The  structures  in  the  main  optic 
bands  are  assigned  to  vibrations  of  various  bonds  as 


shown  in  Fig.  3. 

The  impurity  (local)  mode  at  —270  cm”'  for  .x=0. 1 
results  mainly  from  vibrations  of  Ga-Gc  bonds.  Vibra¬ 
tions  of  Ge— Ge  bonds  also  produce  modes  near  this  fre¬ 
quency:  as  the  ..lioy  composition  .xuhereases,  the  Ga— Ge 
and  Ge-Ge  vibrations  gradually  evolve  to  form  the  Ge- 
like  optic  band.  At  ,x~0.7  this  Ge-like  optic  band  is 
composed  mostly  of  vibrations  of  Ge-Ge  bonds. 

The  GaSb-like  optic  band  at  .x  =0. 1  retains  most  of  the 
fe..*ures  of  pure  GuSb,  and  thus  the  highest  peak  corre¬ 
sponds  to  the  zone-bcundary  TO  phonoris  (such  as  the 
transverse-optic  modes  at  the  and  I  points  of  the  Bnl- 
louin  zone,  denoted  TO:,V  and  TO:L)  and  the  shoulder  at 
-220  cm”'  corfespoiids  to  the  zone-boundary  LO  pho¬ 
noris  (such  as  L0-.U,!0.  (These  can  be  interpolated  from 
the  k-,space  assignments  for  GaSb  in- Fig.  1.)  As  alloy 
comjjosition  increases,  vibrations  from  Ge-Sb  bonds  take.’ 
part  and  smooth  the  shape  of  the  <3aSb-like  optic  band. 
•And  at  .x=0.7  the  modes  from  Ga-Sb  and  Ge-Sb  bonds 
become  highly  degenerate  with  the  nearby  n!'’des,  and  the 
density  of  states  retains  most  of  theTeatures  i  f  pure  Ge. 

The  densities  of  states  with  deterinined  by  the 
mean-field  theory  (Fig.  4)  show  much  richer,  structure, 
than  those  with  =  1 — .x.  At  .x  =b.’’l,  in’ addition  to  the 
mostly  GaSb-like  featires,  we  can  see  two  new  peaks. 
These  are  impurity  modes;  the  peakVat  ~270.c.m”'  is 
mainly  composed  of  vibrations  of  6a-Ga  land  also 
Ga— Ge)  bonds,  and  the  peak  at  —  19S  cm”'  is  due  to 
Sb-Sb  bonds. 

As  alloy  composition  increases,  vibrations  of  Ge-Ge 
bonds  take  pan  in  the  Ge-like  optic  band,  and,  .’.long  with 
the  vibrations  of  Ga— Ga  and  Ga— Ge  bonds,  broaden  this 
optic  band  in  the  range  0, 3  <  .'c  <  0. 5.  In  the  GaSb-like 
optic  band  for  0.3  <.x  <0.5,  however,  although  the  vibra¬ 
tions  of  Ge-Sb  bonds  as  well  as  Ga— Sb  bonds  contnbute 
to  the  band,  the  Ga— Sb  plus  Ge-Sb  line  shape  in  Fig.  4 
appears  narrower  than  the  corresponding  peak  in  Fig.  3, 
because  of  the  spect.’al  distribution  of  the  modes. 

The  Sb-Sb  peak  is  significant  in  the  theory  for  x  =0. 1 
and  0.3,  but  then  it  decreases  in  intensity,  and  is  indistin¬ 
guishable  from  nearby  modes  for  .x>0.5.  Presumably 
this  occurs  because  the  number  of  Sb-Sb  bonds  rapidly 
decreases  as  alloy  composition  increases.  .As  in  the  case  of 
M  =  I  -.X  (for  which  there  are  no  Sb-Sb  bonds  or  peaks), 
the  density  of  states  retains  most  of  the  features  of  pure 
Ge  for  .X  >  0.7. 

We  now  make  a  comparison  with  data.  In  Figs. 
5(a)— 9(a»,  we  display  Raman  spectra  obtained  by  Krabach; 
et  al.^  and  Beserman  ef  o/.,’  along  with  the  densities  of 
states  for  the  case  of  M  determined  by  mean-field  theory 
(Figs.  5(b)-9(b)],  and  for  the  case  of  iV/  =  l-.x  (Figs. 
5(c)— 9(c)].  In  comparing  our  results  with  Raman  data, 
we  recognize  that  the  experimental  quantities  depend  on 
the  transition  matrix  elements  (involving  electronic  states) 
as  well  as  on  the  densities  of  phonon  .states,  and  that  the 
Raman  lines  are  a  subset  of  the  density-of-states  spectra. 
In  particular,  for  certain  expenmental  geometries  and 
light  polarizations,  in  the  case  of  pure  semiconducting 
compounds,  many  Raman  matrix  elements  are  expected  to 
vanish  because  of  selection  rules:^*'^^  for  example,  pho¬ 
nons  e.xcited  by  light  scattering  have  k— 0.  These  selec- 
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tion  rules  are  broken  in  alloys;  certain  modes  are  ‘‘disorder 
activated"  and  appear  in  the  Raman  spectra.  Every  mode 
tha'  appears  in  a  Raman  spectrum  should  also  appear.in 
the  density  of'pho~'m  states,  although  the  strength  of  the 
mode  can  be  quite  different  in  the  Raman  and  density-of- 
states  spectra. 

Another  caution  should  be  taken^while  comparing  the 
calculated  densities  of  states -with  tne  data;  The  peak  po¬ 
sitions,  as  well  as  the  ,peak  motions'  as  a  function  of  alloj 
composition,  are  not  accurately  reproduced  in. the  present 
calculations,  these  numerical  inaccuracies  are  dueno  the 
neglevt'Of  long-ranged  Coulomb  forces  aiid  . due  to  the  use. 
of  the  rigid-ion  model.  Even  with  these  limitations,  by 
mentally  shifting  or  broadening  the  calculated  densities  of 
states  by  an  amount -comparable  with  the  differences  be¬ 
tween  the  theory  and  the  data  for  crystalline  GaSb  or  Ge, 
the.  present  calculations  can  be  used  to  identify  the  princi- 
p;i,~spectrahfeatures  and  to  associate  them  with  vibrations 
0  j'pf'cific  bonds. 

Since  the  Raman -spectra  depend  von  the  densities  of 
phonon  states  as  well  as,  the  Raman,  matrix  elements,  the 
effects  of  disorder  on  the  Raman  spectra  are  manifested 
in  fwo-way.s;  (i)  new  features  in  the  densities  of  states, 
caused  by.  yarious  alloy  modes  which- do,  nob  exist  in  the 
persistent  spcctf a^  -may  contribui'il  tO'the  Raman'  spectra; 
.arid  (ii)  due  to  a  breakdown  of  the  selection  rules,  certain 
modes  which  are,  not  normally  obkrve,d)  in  the  Raman 
spectra  of  pure  compounds  (such  as.  acoustic  modes  and 
zdne-boundar>Hoptic  modes),  as  well  as  some  of  the  tiew 
alloy  modes,  becornevP aman  active.  The  alloy  modes' ar,e 
l.iKely  responsible  ior  the  broad 'linewidtHVob.sefved?ih  the 
data  of'Krabkh  et  at;^  and  BeserifTan  et  al?.  To  demon¬ 
strate  thi.s,  we  compare  the  Raman  spectra  vvith  the  densi- 
.ties  of  states  in  our  two  modcisi  As  mentioned  earlier,  the 
major.'difference  in  oiir  two  models  is  in  the  type  of  disor- 
uer  allowed— the  simpler  on-site  model  (with  M:=\~x) 
does  not  include  vibiational  modes  causedrby  antisite  de¬ 
fects' inthedorm  of  Ga-Ga  bonds  orSb-Sb  bonds. 
examine  the  spectra  in  the  regions  (i)  .v  <0.15  (iii 
0.15  <*.v  <6r'75,  and  (iii'  x  ^0.75  below. 


I.  x<0.1S 

Since-the'C^-atom  concentration  is  very  low  in  this  re¬ 
gion,  the.density-of-states  spectra  for  x  =C  13,  shown  in 
Figs.  ’>»  and  5''),  retain  most  of  the-features  found  ir, 
GaSb,  A  nev  feature  is  the  impurity  (local)  mode  aroup  i 
270  cm"',  which. isidue  to  the  vibfa.i/ns  of  Ga-Ga  and 
Ga-Ge  bonds  for  the  spectrurr  in  Fig.  5(b).  and  is  m.iinly 
due  to  tl'.e  vibrations  of  Ga-  Ge  bonds  for  the  spectrum  in 
Fig.  5(c).  as  discussed  earlier. 

In  the  R  iihan  spectrum  of  Fig.  5(al,  we  note  that  the 
Ge-liki*  I.O  mode  at  -260  cm"'  exhibits  a  ihewidth  that 
i»  relatively  broad  compared  with  that  of  tv, -teal  impuritv 
moile-j  in  quasibinary  Ill-V  alloys  .A  comparison  with 
■‘ur  .alculated  densit'es  of  states  indicates  that  if  s  feature 
..  aid  result  from  the  vibrations  of  Ga  atoms,  within 
I .  *  Ge  b<'ud.s  or  Ga-Ga  bonds,  which  would  give  ris<’  to 
•  '•»  ader  hnewidth  '.!.in  could  be  obtained  from  G-'-Ge 
rbraUt.tn'  uoly 
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:FIG  5,  (a)  Raman  spectrum- for  (0'.i.Sb)o>;(Oe:io  u  from 
Refs.-b  and  7;  lb'  calculated  dehs'ty  of  ;phonon  states  for  the 
same  alloy  obtained  by  the  recursion.'jneiliod  in  the  ease  of  Af 
determined  by  mean-ficldr'theory:  and  ic  calculated  dehsiiv  of 
states  in  the  case  of  A/  =  1  -x. 


Even  at  this  low  value  o^'.alldy^co'i'.position,  we,  notice  a 
slight  asymmetry  in  the  line  shape~of  the  GaSb-vike  LQ 
mode  in  the  data.  VVe  speculate  that  tips  feature  cemdse 
attributed  to:  (it  the  disorder-activated  zone-boundary  LO 
phonons  of  .GaSb,  which  produce  a.  shoulder  around  220 
erri"'  ip  the  densities  of  states  in  Figs.  5,(b}.and'5(c):  or  (ii) 
a  long-wavelength  GaSb-like  TO  mode*r.e.sultihg  from  the 
"reakage"  due  to  a  slight  deviation  from  a  perfect  back- 
scattering  geometry.  It  was  indicated.,in  Ref.  7  that  this 
weak  shoulder  is  due  to  the  Icng-wavelength  GaSb-like 
TO  mode,  for  <0. 1.  15  ih  modes,  however,  could  coexr 
ist.  discriminating  beiwcei  the  two  po.s,sibilii<es  is  diffi¬ 
cult,  because  uf  the  wcaknes.-  of  the  feature  involved. 

The  long  tail  in  the  frcquen.iv  range  betweet.  -190 
cm"'  and  -210  cm"',  evident  in  the  data,  niav  have  re¬ 
sulted  from  disc  jer-actiVaicd  vmrational  modes  of 
.So  -Sb  bonds  (the  peak  around  195  c.m*’  in  Fig.  5ibi], 
Note  that  a  gap.is  predicted  :  this  fr-quency  ra.ngc  by  the 
on-site  model  (Fig.  5(c)]i  How.  er.  the  density  of  states 
of  ill*,  on-site  model  with  M  -- 1  -  .v, could  produce  nearly 
tite  s.ime  fi|led-gap  feature  as  secu  in  both  the  data  and 
the  phase-transition,  model  (Fig  5lbi].  after  a  .slight 
broaaening  of  the  GaSb-like  optic  oand.  Therefore,  one 
cannot  state  unambiguously  from  comparing  the  theory 
and  data  of  Fig.  5  whether  or  not  Sb— Sb  bonds  are  sig- 
nificah'  in  the  observed  i’  mun  spectrum.  Neveriheic.ss. 
the  comparison  of  theory  with  data  in  Fig  5<b>  stroi  gly 
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suggests  that  Sb  -  Sb  bonds  are  likely  present  in  significant 
numbers,  and  casts  doubt  on  an  earlier  conclusion  to  the 
contrary  (which  luid  assumed  that  ''b— Sb  bonds  would 
produce  a  sharp  Raihan  peak).’ 

2.  0.]5<ix<0.75 

Figures  6—8  show  the  data  for  x  =0.24,  0.34.  and  0.56, 
respectively,  along  with  the  densities  of  states  obtained  by 
the  two  different  mpdeis:  on-site  and  phase-transition. 
The  two  main  peaKs  in  the  data  e.xhibit  broad  linewidths: 
the  total  widths  ft'r  alloy  compo.sition  .t  =0.34  are  ~38 
cm"'  for  the  GaSb-like  LO  mode,  and  ~35  ctii"'  for  the 
Ge-l.ikie'LO  mode.  .A,symmetry  in  these  peaks  is  also  evi¬ 
dent.  In  addition,  a  disorder-activated  longitudihal- 
acoustic  mode  fDAL.\)  is  observed  in  the-data  at  ~  150 
cm"'  and  thisridentification  is  supported  by  the  theory. 

The  highest  energy  reak  is  a.ssociated 'largely  with  Ge 
vibrations,  and  is  broad  because  Ga— Ge  and  Ga-Ga  (for 
the  phase-transition  model)  bonds  contribute  as  well  as 
Ge-^Ge  bonds.  The  lower  peak  is  a  combined  Ga-^Sb  and 
Ge-Sb  vibration  with  a  low-energy  shoulder  associated 
(ih.'the  phase-transition  model)  with  Sb— Sb  bonds.  Note 
that  the.  widths  of  the  two  main  peaks  are  larger  in  the 
phase-transition  model  than  in  the  on-site  =  1  ~x) 
model  because  of  the  additional  modes  due-to  Sb-Sb  and 
Ga-rGa-  bonds.  We  shall  see  below  that  the  systematic 
trends  in.  these  widths  lend  additional  support  to  the 
phase-transition  model. 
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FIG.  6.  la)  Raman  spectrum  for  tGaSblq  In  :i  from 
Refs.  6  and  7;  (b)  calculated  density  of  phonon  state.,  for  the 
same  alloy  obtained  by  the  recursion  method  in-ihe  case  of  .*</ 
determired  by  mean-field  theory;  and  fc  calculated  density  of 
states  in  the  case  of  M  =  l—x. 
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FIG.  7.  (a)  Raman  spectrum  for  IGaSb)-- ,ji0c;)o.>4  from 
Refs.  6  and' 7:  (bt  calculated  density  of'phonon  states  fpr-ihe 
saihefalloy  obtained  by  ihei recursion  method  in  the  case'Of.'iV/" 
determined'by  mean-field  theory:  and  (c)  c3iculated;density-.of' 
states  in  the  case  of  .Vf  =  1  —x. 


3..x>0:75-  - 

Figure  9  shovv.s  tlie  data  for  .x  =0.3  alpng.with  the  den-, 
sities  of  states  obtained  by  the 'two  different  models;  We 
note  that  the  dehsities  of  states  retain  mostrof  the.fe'afiifes 
of  Ge  [Figs.  9lb)  and  9(c)],  and' that  theTmpurity.  .modeS; 
due  to  Ga  and  Sb  atoms  are'-not-distinguishablS  from  the- 
zone-boundaiy  phonon  modw  of  Ge  (such  as  LQzK, 
which  is  degenerate  with  LA:<Ys  and?Lb;X;).  Thiiis  cd^-. 
sistent  with  the  data  [Fig.  9(a)];.  iri  which  the  GaSb-lik^ 
LO  mode  is  no  longer  detectahleior  x 

B.  Alloy  dependence  qt^Iinewiidths  and  entropy 

In  these  alloys. for  6.05'<:,.x  <0.95  the  pho^n  Raman 
linewidths  are  due  primarily  jo  di5ord.e.^  and;  or  to  damp¬ 
ing.  For  e.xample;  the  Ge-like  LpTnode  {of  Ge-^rGe  bond 
vibration)  is  nearly  degenerate  with.  vibrational  rnodes  of 
the  Ga— Ge  and  (3a— Ga  bonds. ;because':'Ge  and jGa  have 
similar  masses.  These,Ga-re!ated'modes.an,W  (h  the  alloy 
and  give  the,  appearance  of  bxoadehihg  the  Ge-like  LO 
mode.  Thus  the  .alloy  lihewidth  is  due  primarily  to  inho- 
mogeheous,broadening  by.  disorder-related  alloy  modes. 

The  linewidths  in  the  phase-transition  model  appear 
broader  than.thosdih  the  on-site  model  (Figs.  3  and  4).  be¬ 
cause  of  the  presence  of  the  additional  modes  associated 
with  .antisite-defect  (ja— Ca  and  Sb— Sb  bond  vibrations. 
•Thus  the  alloy  dependence  of  the  Raman  linewidths 
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FIG.  S,  (a)  Raman  speciriim  for  (GaSb)o 44(Gej)o  }„  from 
Refs.  6  and  7;  (b)  calculated  density  of  phonon  states  for  the 
same  alloy  obtained  by  the  recursion  method  in  the  case  of  M 
determined  by  mean-field  theory;  and  fc)  calculated  density  of 
states  in  the  case  of  W  =  I  -.e. 


should  be  a  good  indicator  of  whether  such  aiitisite  de¬ 
fects  are  present  in  significant  concentrations. 

The  observed  Raman  peaks  are  due  to  a  superposition 
of  nearly  degenerate  modes  and  (according  to  the  theory) 
would  be  highly  structured  in  the  limit  of  zero  broadening 
and  anharmonicity.  Therefore  it  is  difficult  to  define 
theoretically  which  substructures  of  a  peak  should  be  con¬ 
sidered  part  of  that  peak  when  computing  the  peak's 
linewidth.  Moreover  the  present  theory  does  not  include 
either  Raman  matri.x  elements  of  t^-  effects  of  anharmon¬ 
icity  and  broadening— making  it  impractical  to  define  and 
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FIG.  9.  (ai  Raman  spectrum  ior  iGaSbi„,:,,(Ge2iftM,  from 
Refs.  6  and  7.  ibi  calculated  den-Mts  of-.phonon  states  for  the 
same  allov  obtained  b\  the  recursion  method  in  the  case  of  M 
determined  b>  hiean-field  tlieorv.  and  o..  (.alcul.iied  deiisits  of 
states  in  the  case  of  .\f  =  1  -  .v. 


predict  quantitati\el\  lihewidths  corresponding  to  the'ob- 
served'Raman  peak  widths.  Hence  we  seek  a  semiquanti- 
tative  measure  of  the  linewidths  in  terms  of  the  entropy,, 
which  can  be  compared  with  the  data. 

Qualitatisely  the  composite  linewidth  of  the  Ge-like  LO 
mode  and  its  adjacent  alloy  modes  will  be  ma.ximum  when 
the  disorder  is  ma.ximum.  In  other  words,  the  linewidth 
qualitatively  reflects  the  disorder  or  entropy  of  the  alloy. 
To  illustrate  this  point,  we  compare  in  Fig.  10  the  entropy 
per  site'*  as  a  function  of  .x  calculated  in  the  phase- 
transition  model  using  mean-field  theory); 


=  ((1-  .V  f'./)/2]ln((l-.x-r3/)/2]-r((l-.x-A/)/2]ln((l-.v-.U)/2]-r.vlnu)  .  (3.1) 


with  the  Raman  linewidths  of  Ref.  7.  Here  kg  is 
Boltzmann’s  constant.  Note  the  ki.ik  in  the  data  [Fig. 
10(a)]  near  .x=s0.3  for  both  the  GaSb-like  and  the  Ge-like 
LO  modes.  Furthermore,  the  width  of  the  Ge-like  LO 
mode  has  an  x  dependence  similar  to  that  of  the  entropy 
of  the  phase-transition  model  [Fig.  10(a)].  (The  GaSb-like 
LO  mode  for  x  >0.3  merges  with  the  mostly  Ge  modes 
of  Figs.  3  and  4  cannot  be  separated  front  the  other 
modes,  and  hence  a  similar  comparison  of  its  linewidth 
with  entropy  cannot  be  made.) 

For  comparison,  we  also  show  in  Fig.  10(bJ  iie  corre- 


i 

sponding  entropy  per  site  computed  for  the  phase- 
transit'on  model  with  .Xf=0.2  and. 0.7,  respectively,  and 
the  entropy  per  site  for  the  on-site  model  with  no  phase 
transition; 

Six)/kg=(\  -.v)ln(  1  — .v)-f-.v  In(.v) .  (3.2) 

Only  the  entropy  of  the  phase-transition  model  with 
.Vj.s:0.3  has  a  kink  and  a  ma.\imum  at  the  same  composi¬ 
tion  as  the  maximum  Raman  linewidth. 

In  the  absence  of  a  phase  transiiion,  the  entropy  is  a 
ma.vimum  at  the  composition  x  lor  which  the  probabih- 
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FIG.  10.  la)  Total  lihewidth  in  cm"'  as  a  function  of  compo-- 
silion  X  for  the  Ga^h-like  (triangles)  and  Ge-like  (circles)  LO 
mode.s.  after  Refs.  7-and  3.  The  GaSh-like^mode  has  been  fit  in 
Ref.  7  to  two  straight,  lines  (dashed  curve).  The  entropy  S  per 
site  (d-  ided  by  Boitzmahn's.constant)  as  a.  function  of  .e,  calcu¬ 
lated  using  mean-fieh’  theory  for  iGaSb)|.j,(Gejl.,  and  assumi.-g 
.t,  =0.3  (solid  curve)  is  plotted  on  the  scale  on  the  right-hand 
side  of  the  figure,  the  scales  have  been  chosen  such  that  the  Ge 
LO  mode  linewidth  and  S<  K)/ka  coincide.at  their  ma.xima.  (b) 
Entropy  5  per  site  as  a  function  of  .x,  calculated  using  the  on¬ 
site  model  of  Eq.  (Ill)  (solid  line)  and- the  phase-transition 
model-wiih  .x,=0.2  (dashed  line)  arid  0.7  (dotted  line).  Note  (in 
(a)J  the  similar  shapes  of  J(.x)  and  the  linewidth  of  the  Ge-Iike 
LO  mode.  Note  also  the  kink  discontinuities  in  Sl.x)  at  .x, 
(characteristic  of  a  phase  transition)  that  are  seen  both  in  the 
theory  and  in  the  e.xperimenial  linewtdth  curves  at  .xi-.0.3  to. 
0.4.  The  ma.ximum  of  Six)  would  not  necessarily  occur  at 
.x~0.3  if  the  critical  composition  were  different  (b).  For  .x^  < 
the  discontinuity. in  5  occurs  at  .x,  and  the  m.i.ximum  occurs  at 
.x=-j-,  as  demonstrated  for  .Xc=0.2  (dashed- line  of  (b)J:  for 
.Xo>-5-,  the  ma.ximum  occurs  at  .x  =.x,,  as  demonstrated  for 
X(  =0.7  [dotieJ  line  of  (b)]. 


ties  are  equal  for  finding  the  various  allowed  substitution¬ 
al  atoms  on  a  given  site.  For  the  on-site  model  (i.e.,  for 
iV/  =  l-.x),  the  ma.\imum  is  at  .v  =  -f.  For  the  phase- 
transition  model,  for  the  ma.ximum  is  at  a:  =7, 

the  composition  at  which  there  are  equal  numbers  of  Ga, 
Sb,  and  Ce  atoms  on  a  given  site.  .Additionally,  for  the 
phase-transition  model,  the  entropy  e.xhibits  a  kink  at 
.V  =.Xf  characteristic  of  a  second-order  transition,  as  cal¬ 
culated  in  a  mean-field  approximation  (the  second  deriva¬ 
tive  of  the  Gibbs  free  energy  is  discontinuous).^'*  If  we 
have  Xc  >  7,  this  kink  represents  the  maximum  of  the  en¬ 
tropy.  - 

(ilearly,  of  the  calculated  curves  presented  in  Fig.  10. 
only  the  result  for  the  phase-transition  model  with 
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Ca3b  (GaSb),  (GCjlt 

FIG.  11.  Tjiustrating  our  interpretation  of  the  discontinuity 
as  a  function  of  .x  in  the  Raman  peak  position  of  the  Ge-Iike  LO 
mode,  as  observed  in  Ref.  7:  There  are  two  principal  bond  vi¬ 
brations,  Ge— Ge  and  Ga— Ge.  We  have  drawn  parallel  lines 
through  the  data  for,  G'e—Ge  and  Ge—Ga  modes,  separated  by 
=:7  cm"',  the, separation. predicted  for  .x,=p.5.  Nc;e.that-the 
theory,  which  does  not  include  long-ranged  forces,  does  not  ac¬ 
curately  predict  the  positions  or  slopes  of  these  lines,  but  only 
predicts  the  splitting  between  them. 


.Xf  =0.3  [Fig.  10(a)]  e.xhibits  the  same  qualitative  depen¬ 
dence  on'. alloy  composition  .x  as  the  observed  Gerlike  LO 
mode  width.  The  fact  that  the  observed  linewidth  of  the 
Ge-like  LO  mode  e.xhibits  the  same  qualitative  depen¬ 
dence  bn  .X  as  the  phase-transition  model’s  entropy,  name¬ 
ly  that  it  has‘a  maximum  for  .x~0.3,  is  evidence  support? 
ing  the  phase-transition  theory— and  against  the- on-site 
model.  Clearly  (GaSb)i_;,(Ge;);t  grown  under  conditions 
such  that,.Xp  is  greater  than  6.3  (Ref.  30)  should  exhibit  a 
ma.ximum  Raman  linewidth  at  the  different  critical  com¬ 
position  .x^. 

C.  Peak  positions 

Beserman  et  al.^  noted  that  the  peak  position  of  their 
broad  Raman  line  for  the  Ge-Iike  LO  mode,  when  plotted 
as  X  function  of  .x,  e.xhibits  a  discontinuity  of  cs;7  cm~' 
near  .x=r0.  8  (see  Fig.  11).  The  present  theory  (Figs.  3  and 
4)  provides  a  simple  and  natural  expianatiqn  of  this 
discontinuity:  there  f.re  two  ty\.»es  of  bonds  contributing, 
significant- but  separate  subpeaks  to  the  Ge-like  LO  mode 
Raman  line,  Ge-C-.>  and  Ge-Ga  bonds.  In  GaSb-.ich 
material  (.x  <0.7)  the  main  spectral  feature  observed  is 
dominated  by  the  Ge-Ga  bonds,  but  in  Ge-rich  alloys 
(.X  >0.7)  the  Ge— Ge  peak  dominates.  The  theory  shows 
-that  these  two  subpeaks  are  separated  of  order  7.4  cm"‘. 

D.  Asymmetries  of  Raman  lines 

The  Raman  data  for  (GaSb)|_;5(Ge2).,  are  abnormally 
asyanmetric,  as  shown  in  Ref.  7:  the  GaSb-like  (Ge-like) 
LO  mode  peak  has  maximum  asymmetry  for  .x~0.2 
(.x~0.8)  and  these  asymmetries  are  not  smoothly  varying 
functions  of  .x. 

These  experimental  facts  are  simply  explained:  the 
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GaSb-like  Raman  peak  has  contributions  from  the  Sb— Sb 
bond  subpeak  on  its  low-energy  side  fsee  Figs.  6  and  7i. 
which  is  especially  visible  for  .v  <0.5.  Likewise  Ga— Ge 
bonds  contribute  on  the  low-energy  side  of  the  Ge-like  LO 
Raman  line  for  x  >0.7  (see  Fig.  11).  The  fact  that  the 
asymmetries  are  hot  smoothly  varying  functions  of  x  indi¬ 
cates  that  different  modes  from  the  main  LO  modes  are 
responsible. 

E.  LO-TO  splitting 

The  zone-center  optical  phonons  of  a  crystal  experience 
a  Lyddane-Sachs-Teller  splitting  that;  should  be  propor¬ 
tional  to  the  square  of  the  average  dipole  moment  per  unit 
cell.*'’  In  an  alloy,  this  prescription  has  not  been  fully  jus¬ 
tified  (except  in  a  virtual-crystal  sense);  nevertheless,  we 
employ  it  here  to  predict  the  x  dependences’,  of  the  k=0 
LO  and  TO  modes  in  (GaSb)i_;,(Gej',.  The  dipole  mo¬ 
ment  per  unit  cell  is  proportional  to  the  order  parameter 
Mix),  and  the  proportionality  constant  can  be  determined 
by  fitting -the  observed  splitting  for  x  =0.  The  order  pa¬ 
rameter,  in  a  mean-field  theory,  is  approximately  propor¬ 
tional  to  ixe—x)^^',  indicating  that  in  the  mean-field  ap- 
:pro.\imation  the  LO-TO  splitting  of  the  UaSb-liKe  kr=P 
optic  mode  should  decrease  approximately  linearly  from 
X  =0  to  X  =0.3.  Such  a  decrease  in  the  LO-TO  splitting 
is-indeed  observed,  although  the  decrease  is  not  necessarily 
linear  in  Xc-x  (see  Fig.  12).  [One  expects  that  more  ac¬ 
curate  calculations  -using  the  renormalization  group  or 
some  similar -technique  would  determine  that  the  LO-TO 
splitting  decreases  as  (x,  -x)’^,  with./?s:0.325.'')  The  bi¬ 
furcation  of  the  GaSb-like  k=0  mode  at  xa:0.3  is  a 
consequence  of  the  change  of  symmetry  from  a  zinc- 
blende  structure  for  x  <Xf,  in  which  there  is  a  net  dipole 
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GaSb  (GaSb),.JGej)^ 

FIG.  12.  Raman  peak  positions  D  ...i  cm"'!  of  the  GaSb 
k=0  LO  and  TO  modes  m  iGaSbij_,,>Ge.ij  ver.sus  alloy  com- 
positi.'ii  .\.  after  Refs.  7  and  8.  comp.u  .d  with  the  prcdietiuns  of 
-the  phase-iransitio.t  model  plus  a  Lsddanc-Sachs-Teller  LO-TO 
splitting  proportional  to  the  .squaie  of  the  order  ;>arameter  M. 
The  bifurcation  at  .v<.ei0.3  of  the  diamond-phase  optic  mode 
10}  into  LO  and  TP  inodes  is  characteristic  of  the  order; 
disorder  zuic-blende-dtamond  phase  transition.  Here  the 
theory  is  shifted  down  id  ..m*'  to  coincide  with  the-data  for 
GaSb,  but  the  var...tii.ii  of  the, peak  position  wiiii  x.-dilidx,  is 
-not  adjusted  to  accouniTor  Ipng-ranged  forces  omittedTrom  the 
model,  and  so  is  not  acciii..telyipfedicted. 


merhent  per, unit  cell,  to  a  diamond  structure  for  x  >.Vj.. 
in  which  there  is  ho  average  dipole  moment-,  arid,  ho  dis¬ 
tinction  between  anion- an  !  canon  sites,  This  is  a  general- 
feature  of  the  phase-traiisition  model. 

Certainly  the  bifurcation  will  n  :t  be  as  sharp  a.s  predict; 
ed  in  this  simple  theory,  and  alloy  fliictuations  will 
broaden  the, GaSb-like  optic  modes,  especially  f  ir  x~x<. 
Nevertheless,  the  da'a  exhibit  this  splitting,  which  i:  evt; 
dence  of  the  phase  transition.  Indeed,  the  zonc-ecnier 
LO-TO  splitting  offers  a  means  to  directly  determine  the 
square  of  the  order  parameter. 

IV.  SUMMARY 

To  our  knowledge,  the  theory  presented  here  -is  the 
first  comprehensive  treatment  of  phonons  in 
(.•1''‘R'’)i_,(C;' );,  metastable,  substjtutional.  cry.sialline 
alloys.  '\Ve  have  presented  predictions  for  both  the 
phase-transiiion  model"  and  the  on-site  model,  and-  have 
compared  '.hem  with  data,  ^yhile  the  comparison  favors 
the  phase-transition  model,  the  etiderice  is  not  compel¬ 
ling.  We  suspect  that  a  ccfrect  model  of  these  alloys  erri- 
braccs  the  essentials.  iT;  the  .ph.iscr’ransjtion  model,  but 
goes  beyond  the  mean-field  appro.vimation  to  include 
correlations  in  the  atomic -positions.  Such  an  improved 
theory  will  still  have, Sb-Sb. arid  G,i-Ga  bonds,  but  they 
will  be  fewer  in  number  than  for  the. present  mean-field 
theory.-''* 

The  main  features  of  the,  Raman  dat..  are  well  described 
by  the  theory,  despite  the  fact -that  many  of  those  features 
were  previously  thougli'.  lo  be  anomalous.  The  Raman 
linewidihs  are;a  rrieasure  of  the  alloy  disorder  and  vary 
with  X  in  a  similar  fashion  to  the  eiitfopy  of  the  phase- 
transition  model.  The  observed  dependence  of  the  Raman 
iinewidih  appears  to  be  inct  isistent  with  the  on-site 
model.  The  appaient  discontinuity,  us  a'function  of  x,  of 
the  Ge-like,  LO  Raman  mode  is  attributed  to  the  fact  that 
separate  but  nearly  degenerate  modes  associated  with  two 
distinct  types  of  bonds,  Ge— Ge  arid  Gu-Gc.  contribute  to 
the  Raman  peak — and  the  dorriiiiant  bond  changes  with  x. 
The  apparent  anomalous  asymmetry  of  the  Raman  lines  is 
due  to  Sb— Sb  and  Ga— Ge  sideband  tnode.s.’’  Finally,  the 
order  parameter  of  the  zipc-ble-ide- diamond  phase  tran¬ 
sition  can  be  extracted  from  the,  Lyddane-Sachs-Teller 
splitting  of  the  , GaSb  LO  and  TO  phonons  at  k  =  0. 

In  general  the  model  accounts ;for  all  trie  essential  phys¬ 
ics  of  the  spectra  of  these  alloys.  It  demonsrates  that 
virtual-crystal  and  persistence  approximations  to  the  pho¬ 
non  spectra  are  inadequate.  Nevertheless,  the  theory  it.self 
requires  improvemeri.t  tt  riiake  it  truly  quantitiitive.  and 
long;ranged  forces  shotiid  be  incorpor.Mcd  int'  rite  model. 
We  hope  that  this  work,  will  stimulate  furth,  .acorvticc 
and  e.xperimenial  investigations  of  phonons  tn  these  in¬ 
terest!.  g  alloys. 
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APPENDIX  A:  SYMMETRY  OF  FORCE-CONSTANT 
MATRICES 

Choosing  the  origin  at  an  ion,  the  positions  of  its  four 
heafest  neighbors  are  rj  =  (t;t/4)(  1, 1,1 ), 
7,  =  (ai,/4)(-l.-l.l),  r,  =  (0t/4)(l,-l.-l).  and 
74  =  1  -  1, 1,  — h).  Similarly,  the  positions  of  the'12  second 
nearest  neighbors  are  given  by  the  nonzero  combinations 
o"  for  /  and  j  ranging  from  1  to  4. 

Applying  the  symmetry  of  the  crystallographic  point 
group  Tj,  with  an  x,  y,  and  c  basis,  the  first-nearest- 
neighbor  force  constants  between  the  Ath  ion  at  the  origin 
and  the  />'ti:  ion  at  the  position  rj  are  parametrized  as  in 
Eq.  (2.3),  and  the  second-neafest-.-ieighbor  force  constants 
between  the  6th  ions  at  the  origin  and  at  the  position 
(a/./2)(0, 1,1)  are  par-ametrized  as  in  Eq.  (2.4).  In  this  ap- 
pendi.x,  we  use  the  notation  'b'”  and  <i>  ■  for  the  3x3 
force-constant  hiatrices  given  by  Eqs.  ,2.3)  and  (2.4), 
respectively. 

The  foreerconstant  matri.x  betsveen  an  ion  at  the  origin 
and  an  ion  at  the  po-.tion  r,  can  be  obtained  from  <b'''  by 
-rotating-the.coordinate:system:by  r  around  the-e  axis: 

\a  (3  -(3 

5,V'’5.=  p  a  -P  ,  (At.' 

:-P  ~P  a 

whefoiwe'h'aye  the  rotation  matrix  in  the  form: 


-1  0  0 

R,=  0  -10.  (A2) 

0  0  1 

The  force-c->nstant  matrices  between  an  ion  at  the  origin 
and  ions  at  the  positions  tj  and  can  be  obtained  by 
similar  rotation  operations. 

The  force-constant  matrix  between  the  6th  ions  at  the 
origin  and  at  the  position  (Oi/lHO,  —  1,1)  is  derived  from 
<b‘-’  by  operating  with  R^: 

>.b  0  0 

0  fib  -n  ■  (A3) 

0  -'’6  ^^b 

The  other'  ten  force-constant  matrices  for  the  second- 
nearest  neighbors  can  be  easily  obtained  by  similar  sym¬ 
metry  operations. 

These  force-constant  matrices  can  be  written  in  a  com¬ 
pact  form  using  the  direction  cosines  of  the  \ector 

connecting  the  two  ion  positions: 

a  ilmp  llnP 

iltnP  a  ImnP  (A4) 

ilnp  }mnP  a 

for  firstmearest  neighbors,  and 


3.j(  i -2/')-r2gi(,/’  2/m\'4  2/)M’j, 

<b'*’(/;m,/i)=  2hn\<b  Ajl  1  — 2m*)-F2^j,m‘  pniiVf,  (.A5) 

i  2//1V4  Imnvb  /,(,,(;h-'2n-)-f  2gij«* 

for  secoi.ii'-nearest  neighbors.  The  direction  cosines  (/,m,Hl  take  the  values,,  for  instance,  v-^3~'''^,3“'''y  — 3“''^’)  for 
(a,.  /4 11-.^  1 . 1 ,  -  i)  and  (0. 2 “ ' 2 " ' for  ( Ot  /2 )( 0, 1 , 1 ). 

In  using  the  recursion  method,  wherein  a  finite  cluster  of  atoms  is  g^neraied,  it  is  convenient  to  use  the  above  3x3 
force-constant  matrices  in  terms  of  the  direction  cosines,  for  each  pair  of  atoms. 


APPENDIX  B:  DYNAMICAL  MATRIX. 

With  use  of  the  force-constant  parameters  introduced  in  Sec.  II,  the  6x6  dynamical  matrix*  D(k)  for  each  k  vector  ih 
Eq.  (2.9)  can  be  written  as 


6/6' 

D(k)=  “ 


a  c 
Qa  Qac 

qL  Qc 


(Bl) 


Each, element  of  this  matrix  is  a  3X3  matrix.  The  omsite  matrix  D,  for  the  anion  is  given  by 

*  la,.x)  !a,y)  \a,z) 

<a..v  j  a-F/.a/i(k)-F/tagi(k)  v^hiik)  v^Ayik) 

i-MaM)Qa  =  (o,y  \  a-l-A,a/,(k)-7/iagj(k)  Va/ijik) 

f  Va/ldk)  VaA}(k)  a-f  A.a/j(k)-t-/tag}(k) 


(B2) 
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where  (wjth  ai  being  the  lattice  constant) 


.ri(k)=t'i -fi'i-r-e; -rt’j  , 


/',  ( it )  =  1  -  cost  170 1_  ky  )cos(  nqi  k. )  , 
f^Ak )  =  1  -,cos( irai~k:)cos{ irqi kx )  , 


/j( k )  =  1 — cost ttol kx  )cos( noiky )  , 
g I ( k ) = 2 — cbs( -ul kx  )[cos( ira^ ky ) -*■  cost noi^k. ) ]  , 
g:(  k ) = 2  -  cosiiroiky  )[cos(  nOi  k. )  -r  cost  hol  A:;, )] , , 
gj  t  k )  =  2  -  cost  -Ol  k. )[  cost  rroi  kx )  -r  cost  -0^  ky )] ,, 
/i  1 1  k ) = sint  TTfli,  kx  )sint  ky ) , 
/i2tk)=sint7rfl£,A:;,)siht;rfli,fc,) , 


/i  2 1  k )  =  sint  -qL'ky  )sint  na^  k, ) . 


The, on-site  matrix„Df,  for,  the  cation,  is  identical  in  form 
to  Dg,  except  that  the  index  a  is  everywhere  replaced  by  c. 
The  off-site  matrix  Dgg  is  given  by 


WaMcr'%c 


(a,.x  ! 
■<a,y! 
(a,z  I 


Ic.x)  jc,y>  Ic.c) 
a5|tk)  /Jsitk)  7?5jtk) 
:^s;(k)  gs,,(k)  lisiik)  , 
ISsi'yk)  I3s^ik)  ofSjCk) 


where  we  have 


tB3) 


5>tk)  =  t'i —ts  — e_i  — ej  ; 

Sjtk)=e|  — tCj  , 

.?4tk ) = e  I  — 1'2  -f  c’j  —  Ci  . 

The  e,’s  tr=  j,  2,  3,  and  4)  are  given  by 

C|  =exp[i-ai_lkx  -rky  -rA-.)/2j  ; 

e2=exp(/-a/,t  —  -i-A:.  ),'2j  , 

e)=exp(/Va/_tA;,— A^,  —  A. )/2]  . 

Cj  =  exp[/  ~ai_{—kx+  ky  -  A.  )/2  ]  . 

bespite-’the  importance  of  the  long-rangvd  Coulomb 
forces,  we  ignore  these  forces  and  use  the  rigid-ion  model 
■with  first-  and  second-nearest-neighbor  force  constants 
for  describing  the  lattice  dynamics  of  semiconducting 
compounds. 

APPENDIX  C:  FITTING  PROCEDURE 

At  points  of  high  symmetry  in  the  Brillouin  zone,  the 
dynaniicar  matrix  Becdnies  Block  diagonal'.  We  can  e.x- 
press  the  frequencies  at  these  points  in  terms  cf  the  force- 
constant  parameters,  and  determine  these  parameters  by 
fitting  the  frequencies  with  experimental  data.  The  ana¬ 
lytic  forms  at  the  T,  X,  and  L„points  are 


n=(,LO:  n)=fi=(TO:  r)=..-4«(,i  /w,  -f  1  /m,  ) 
j-4(«.F4//J/;V/, 


(Cl) 

(C2) 


and 


ilWTO\X),  n‘(tA;,V)  ==  -- (2a(  1  /Mg  -f  1  /Mg ) -r 4( A,  -f /i,  )/Mg  -f  4( )/Mg)] 

=  i  I  2a(  1  /Mg  -  1  /Mg)^A(kg  -rllg  )/A/„  -4( A,  -r/if  )/Mg :  • 

-r  16^  V(  A/a  A/,  )]'''•  (twofold  degeneracy)  ,  (C3) 

n=( LO;Z. ),  n=( LA;L )  =  - ( 2a(  1  /Mg  -r  i /Mg  )-rl(K /Mg  -f  A, /Mg ) -f  4(/ia /Mg  -fig /Mg ) -r 4( ^‘a  /Mg  xv /Mg ) ) 

±  [  I  2a(  1  /.\/a  -  1  /Mg  )  -r  2(  Aa  /Mg  -  kg  /Mg  ) 

+  M[lg/Mg  -Hg/Mg)-rMVg/Mg-Vg/Mg)^  ^  -T  M  -  .1  ~2P)- /I  M  g  M g  1  ]  '  ^  ’  .  (C4) 

n=(TO:L ),  n=(TA;L )  =  -  (2a(  1  /.\/a  -r  1  /A/a )  -r  2(  Aa  /Mg  ~  kg  /Mg )  -r  4(/ia  /Mg -tig /Mg )  -  2(  x'a  /Mg  -  yg  /Mg)] 

=  [  I  2a(  1  /Mg  -  1  /Mg  )  -f  2(  Aa  /Mg  -  kg  /Mg  ) 

-f  4(/ia  /Mg  -tig  /Mg  )  -  2(  V,  /Mg  -  Vg  /Sfg  I  ■' 

■f4(a-f/j)V(A/a.'/f  )]''^‘  (twofold  degeneracy: .  (C5) 


In  addition,  by  taking  the  elastic-continuum  limit  of  the 
equation  of  motion,"'®  we  have  the  following  relations  be¬ 
tween  elastic  constants  and  force-constant  parameters; 


C|,=(  -  !  /(/,  )[2/?-a-r4(»"a  -r  Vf  l-2(Au  -r  Afl 

-2(/ia -r/if  i)  ,  (C7) 

C44  =  (  -  1/a,  )(aq-2(Aa-rAf  )-i-2(/<a  ■~tlg)  —  p'/a]  . 

iC8) 


C,|=t-l/at)[a-f4(/,a-r/tcl]  . 


(C6) 
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where  ai  is  'he  lattice  constant. 

In  detenninihg  the  parameter  a  from  phonon  disper¬ 
sion  curves,  the  .squared  frequency,  n’(LO;r) 
(=n*(TO;r)  in  the  present  model),  needs  to  be  replaced 
by  (n-(LO:r)-f2ri-(TO:r)i/3.  since  the  LO-tO  split¬ 
ting  e.xists  in  the  experimental  data,  for  these  mode  fre¬ 
quencies.  With  this  replacement  in.Eq.  (Gl),  we  have 

a=  -r:VJ,)]in-(LO;r)-f2n-(TO;r)]/3  . 

(C9) 

The  parameters  Ha  and  are  determ.ined  from  Eq.  Cl) 
as 

/i,={-.V/,/l6)nUA;,V)-a/4  ,  ; 

(CIO) 

/ic  =  (-'V/c/16)n-(LO:Y)-a/4  , 
for  Ma  >  Me  and 

lia  =  ( -  .V/a  / 1 6  )n-(  LO;,V)  -  «  /4' . 

(Cll) 

He  ={  -A4/16)n?(LA;.Y)-a/4-., 
for  Ma<Me. 

The  determination  of  the  parameters  Aa,  A;,  Va,  v,,  and 
/?,  using  the  relations  given  by  Eqs.  (Cl)  to  (CS),  depends 
on  the  data  ivailable  for  each  material.  In  some  cases,  a 
reduction  of  the  number  of  parameters  is  necessary,  be¬ 
cause  of  lack  of  data.  If  we  assume  a  central  force  operat¬ 
ing  between  ions,  we  have 

Hb  =  vi,-rki,  (6  =a  and  c) .  (CI2) 

Banerjee  and  Varshni"’  have  assumed  the  relation 

=  (b  =(J  and  cl  (C13) 

in  concurrence  with  the  cei.:ral-force  modeP’  and  the 
angular-force  model.’*^ 

Various  combinations  of  the  relations  in  Eqs.  (Cl)  to 
(C8),  with  or  without  the  simplificaticas  given  in  Eq. 
(C12)  or  (G13),  were  attempted.  (Our  parameters  were 
also  compared  with  those  obtained  by  Banerjee  and 
Varshni.")  Judgment  was  made  according  to  how  well 
the  phonon  dispersion  relations  and  global  features  of  the 


densities  of  states  were  reproduced.  For  GaSb,  the  param¬ 
eters  for  GaAs  obtained  by  Banerjee  and  Var.shni"  were 
found  to  be  excellent.  Here  we  set  one  parameter, 
-•presenting  the  iong-rattge  Coulomb  forces  in  their 
model,  to  zero.)  We  use  these  parameters  for  GaSb  as 
well,  replacing  the  ptass  of  As  with  the  mass  of  Sb  in  the 
dynamical  matrix.  For  Ge,  using  the  relation  in  Eq. 
IC13).  the  four  parameters  a,  P,  [x  (  =  v),  and  a  were  deter¬ 
mined  bv  fittina  n’lLOiD  ir_-o^(TO;r)).  n-(TO:.V), 
ndLO:-Y)  [  =  n-'l.A;,V)),  and  fi-(TA:-V)  to  neutron 
scattering  data.*'  There  is,  of  course,  no  distinction  be¬ 
tween  anion  and  cation,  and  thus  we  have  a^  =J.j  =  a,  for 
example. 


APPENDI.X  D:  MINICLUSTER  PROBABILITIES 

The  probability  of  occurrence  of  a  five-atom  miniclus¬ 
ter  in  which  the  central  atom  is  a  Ga  atom  on  the  nominal 
cation-site,  with  /  Ga  atoms,  m  Sb  atoms,  and  n  Ge 
atoms. distributed:over.-the  four  neafest-neighbor^nominal- 
anion  sites  of  the  central  Ga  atom  is 

<  Pq^  )AP.o.)a  )'(  (  Fsb  >.)'"((  /’Gc  )a  I"  •  <01) 

Such  a  cluster  of  neighbors  occurs  4!/(  /!m  in !)  times.  The 
probabilities  of  occurrence  of  various  nearest-neighbor 
clusters  were  calculated  using  Eqs.  (2.14a)-(2.14e).  In 
case  Ga  atoms  are  allowed  to  occupy  the  nominal  anion 
sites,  as  in  the  model  using  mean-field  theory,  t!  ■;  proba¬ 
bilities  are  identical  in  fonn.  e.xcept  that  the  indices  a  and 
c  need  to  be  interchanged  everywhere.  The  probabilities 
of  occurrence  of  five-atom  miniclusters  with  a  Sb  atom  on 
the  central  site,  and  with  a  Ge  atom  oh  'the  central  .site, 
are  obtained  by  a  cyclic  permutation-of  the  indices  .speci-.- 
fying  atoms:  from  (Ga,Sb,Ge)  to  (Sb.Ge.Ga),  and  to 
(Ge.Ga.Sb)  respectively.  There  are,  therefore,  15x2x3 
statistically  independent  configurations  in  the  zihc-blende 
phase,  and  15X3  statistically  independent  configurations 
in  the  diamond  phase  (since  we  do  not  distinguish  between 
anions  and  cations  in  this  phase).  The  probabilities  for- 
the  model  with  no  antisite  defects  (.V/  =  1  -x)  can  be  ob.- 
tained  from  Eqs.  (2.1  la)— (2.1  Ic). 


’Present  addrws:  University  of  .Maryland,  College  Park,  MD 
20742. 

IJ.  E.  Greene.  J.  Vac.  Sci.  Technol.  B  1.  229  (1983);  J.  L.  Zilko 
and  J.  E.  Greene,  J.  Appl.  Phys.  51,  1549  (1980);  51,  1560 
(1980). 

-K.  C.  Cadien,  A.  H.  Eltoukhy,  and  J.  E.  Greene,  Appl.  Phys. 
Lett.  38.  773  (1981). 

^K.  E.  Newman,  A.  Lastras-iMartine,;.  B.  Kramer,  S.  A.  Bar¬ 
nett.  M.  A.  Ray,  J.  D.  Do.v,  J.  E.  Greene,  and  P.  M.  Raccah, 
Phys.  Rev.  Lett.  50.  1466  0983). 

■*K.  E.  Newman  and  J.  D.  Dow,  Phys.  Rev.  B  27,  7495  0  983). 

^S.  A.  Barnett,  B.  Kramer,  L.  T.  Romano,  S.  I.  Shah,  M.  A. 
Ray,  S.  Fang,  and  J.  E.  Greene,  Layered  Structures,  Epitaxy, 
and  interfaces,  edited  by  J.  M.  Gibson  and  L.  R.  Dawson 
(Norlh-Holland.  Amsterdam.  1984). 

^T.  N.  Krabach,  N.  Wada,  .M.  V.  Klein,  K.  C.  Cadien,  and  J.  E, 


Greene,  Solid  State  Commun.  45,  895  0983). 

‘R.  Beserman,  J.  E.  Greene,  .M.  V.  Klein.  T.  N.  Krabach,  T.  C. 
.McGlinn,  L.  T.  Romano,  and  S.  I.  Shah,  in  Proceedings  of  the 
1 7th  Interr.itional  Conference  on  the  Physics  of  Semiconduc¬ 
tors,  San  Francisco  (Springer,  New  York,  1985),  p.  961. 

**See  also  K.  E.  Newman.  J.  D.  Dow,  .A.  Kobayashi.  and  R. 

Beserman  (unpublished). 

‘’L,  Ab-.'Is  and  P,  M.  Raccah  (unpublished). 

'®R.  Haydock,  in  Solid  State  Physics,  edited  by  H.  Ehrenreich, 
F.  Seitz,  and  D.  Turnbull  (Academic,  New  York.  1980),  Vol. 
35,  p.  215,  and  references  therein. 

•'C.  M.  M.  Nex,  J.  Phys.  A  11, 653  (1978):  Comput.  Phys.  Com¬ 
mun.  34;  101  0984). 

'-M.  J.  Kelly,  in  Solid  State  Physics,  edited  by  H.  Ehrenreich.  F. 
Seitz,  and  D.  Turnbull  lAcademic,  New  York,  1980»,  Vol.  35, 
p.  296;  V.  Heine,  in  Solid  State  Physics,  edited  by  H.  Ehren- 


32 


5327 


DENSITIES  OF  PHONON  STATES  FOR  (GaSb),_,(Ge2), 


reich,  F.  Seitz,  and  D.  Turnbull  (Academic,  New  York,  1980), 
Vol.  35,  p.  1. 

*-'C.  Herscovici  and  M.  Fibich,  J.  Phys.  C  13,  1635  (1980). 

'^A.  Kobayashi,  J.  D.  Dow,  and  E.  P.  O'Reilly,  Supcriattices 
Microstruct.  I,  530  (1985). 

'■A.  Kobayaslii.  Ph.D.  thesi'.  University  of  Illinois,  1985. 

'*R.  Lyddane,  R.  G.  Sachs,  and  E.  Teller,  Phy.s.  Rev.  59,  218 
(1941). 

’’B.  G.  Dick,  Jr.  and  A.  W.  Overhauser,  Phys.  Rev.  112,  90 
(1958). 

'**W.  Cochran,  Proc.  R.  Soc.  London,  Ser.  A  253,  260  (1959). 

I’W.  Weber,  Phys.  Rev.  B  15,  4789  (1977). 

20P.  Vogl,J.  Phys.  C  11,251  (1978). 

-'G.  Lehmann  and  M.  Taut,  Phys.  Status  Solidi  B  54,  469 
(1972). 

"R.  Banerjee  and  Y.  P.  Vafshni.  Can.  J.  Phys.  47, 451  (1969). 

-^M.  Kass  and  B.  W.  Henvis,  J.  Phys.  Chem.  Solids  23,  1099 
(1962). 

•■*M.  k.  Farr,  J.  G.  Traylor,  and  S.  K.  Sinha,  Phys.  Rev.  B  11, 
1587  (f975). 

”G.  Nelin  and  G.  Nilsson,  Phys.  Rev.  B  5,  3151  (1972). 

2®L.  Van  Hove,  Phys.  Rev.  89.  1189  (1953). 

-’The  mean-field  theory  treats  k  =  0  properties  adequately.  But 
the  short-range  order,  to  be  treated  properly,  requires  a  more 
complete  treatment  of.correlations  that  will  reduce  the  num- 
•ber  of  Sb-Sb  and'Ga— Ga  bonds'below-the  meah-fieldttheory 
value. 

’*H.  Holloway  and  L.  C.  Davis,  Phys.  Rev.  Lett.  53,  1510 
(1984). 

’’The  correct  percolation  composition  is  x,  =0.572.  See.  for  e.x- 
ample,  R.  Zallen,  The  Physics  of  Amorphous  Solids  (Wiley, 


New  York,  1983). 

•'•’Z.  I.  Alferov,  R.  S.  Vartanyan,  V.  I.  Korol’kov,  I.  I.  .Mokan. 
V.  P.  Ulin.  B.  S.  Yayich,  and  A.  A.  Yakovenko.  Fiz.  Tekh. 
Poluprovodn.  16,  887  (1982)  (Sov.  PhyS;— Semicond.  16,  567 
■1982)1. 

■■'V.  Onodera  and  Y.  Toyozawa.  J.  Phys.  Soc.  Jpn.  24.  341 
(1968). 

Hayes  and  R  Loudon,  Scaiicruig  of  Lighi  by  Crystals  (Wi¬ 
ley.  New  York.  1978). 

■'•^R.  M.  Martin  and  F.  L.  Galeener,  Phys.  Rev.  B  23;  3071 
(1981). 

’^See.  for  c.sumple,  L.  E.  Reichl.  A  Modern  Course  in  Statistical 
Physics  (University  of  Te.\as  Press.  Austin,  1980),  Chap.  9. 

■'^J.  C.  Le  Guillou  and-J.  Zinn-Justin.  Phys.  Rev.  B  21,  3976 
(1980). 

’^B.  Koiller,  M.  A.  Davidovnch.  and  R.  Osoio  (unpublished). 

5’Since  the  e.'ustence  of  Ga-Ga  and  Sb-Sb  bonds  is  an  impor¬ 
tant  feature  in  the  phase-transition  model,  it  is  crucial  to 
ascertain  whether  the  tail  near  195  cm"'  in  the  data  does 
arise  from  vibrations  of  Sb— Sb  bonds.  In  order  to  clarify  the 
issue,  we  suggest  that  the  feature  near  195  cm"'  be  investigat¬ 
ed  in  detail  by  resonant  Raman  scattering  measurements.  We 
also  emphasize  that  the  mean-field  appfo.vimation  may 
overestimate  the  number  of  Sb-Sb  bonds. 

•'’P.  Briiesch,  Phonons:  Theory  and  Expertments  I  ■Springer, 
Berlin.  1982). 

•”H.  ,M.  J.  Smith.  Phys.  Trans.  R.  Soc.  London,  Ser,  A  241,  105 
(1948). 

'®R.  Braunstein,  F.  Herman,  and  A.  R,  Moore;  Phys.  Rev.  109, 
695(1958). 


Reprinted  from 


Materials  Science 

Forum 

Volume  4  (1985) 


CHEMICAL  TRENDS  OFSCHOTTKY 

BARRIERS 


John  D.  Dow 

Department  of  Physics.  University  of  Noire  Dame 
Notre  Dame,  Indiana  46556 

and 

Otto  F.  Sankey 

Department  of  Physics,  Arizona  State  University 
Tempe,  Arizona  85287 

and 

Roland  E.  Allen 

Department  of  Physics,  Texas  A&M  University 
College  St?'‘on,  Texas  77843 


TRANS  TECH  PUBLICATIONS 
SWITZERLAND  -  GERAIANY  -  UK  -  USA 


Materials  Science  Forum,  Volume  4  (1985),  pp,  39-50. 
Copyright^  1985  by  Trans  Tech  Publications  Ltd.,  Switzerland 


J9 


CHEMICAL  TRENDS  OF  SCHOTTKY  BARRIERS 
John  D.  Dow 

Department  of  Physics.  University  (»?  Notre  Dame 
Notre  Dame,  Indiana  46556 

and 

:  Otto  F.  Sankey 

Department  of  Physics.  Arizona  State  University 
Tempe,  Arizona  85287 

and 

Roland  E.  Allen 

Department.of  Physics,  Texas^.A&M  University 
College  Station,  Te.xas  77843 


ABSTRACT 

The  observed  chemical  trends  In  Schottky  barrier  heights  (l.e.,  the 
variation  In  the  barrier  height  as  a  function  of  the  alloy  composition  x, 
or  the  dependence  of  the  barrier  height  on  the  anion  or  cation  species)  are 
explained  by  Fermi-level  pinning  due  to  defects.  Microscopic  calculations  of 
surface  defect  levels,  rather  than  phen-menologlcal' arguments,  are  presented 
to  support  this  viewpoint.  We  find  that  the  slope  of  the  pinning  defect  level 
as  a  function  of  alloy  composition  (dE/dx)  is  a  signature  of  the  defect  type. 
In  the  case  of  Ai'j^Ga^_jjAs/Au  contacts  for  all  compositions  x,  .and  for 
AZjjGaj_xAs/Ai  and  AJljjGaj_jjAs/In  contacts  for  large  x,  the  Schottky  barrier 
heights  are  attributed  to  Ferml-level  pinning  by  ca:loh-on-anlon-slte  antlslte 
defects  (|dE/dx|  Is  large).  Aij^Gaj.^As/Ai  and  AZj^Caj_j^As/In  Schottky  barriers, 
for  small  x,  are  attributed  to  Ferml-level  pinning  by  anlon-on-the-cation-slte 
antisite  defects  (|dE/dxt  Is  small).  This  Interpretation  Is  supported  by  both 
detailed  calculations  and  the  results  of  a  simple  four-atom  model. 
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I.  INTRODUCTION 


Over  Che  years,  chere  have  been  many  accempcs  to  understand  the  observed 
chemical  trends  In  Schottky  barrier  heights  the  dependence  of  on  the 

anion  or  cation  species,  or  on  the  alloy  composition  x.  In  the  past,  such 
accempcs  have  had  the  disadvantage  chat  no  fundamental  microscopic  foundation 
has  been  available.  The  introduction  of  Bardeen's  concept  of  Fermi-level 
pinning  [1]  and  Spicer's  defect  model  (2-S],  however,  have  provided  a  general 
framework  chat  makes  it  possible  to  understand  chemical  trends  in  (^om  a 
microscopic  point  of  view:  Since  the  Schoctky  barrier  height  in  the 
Fermi-level  pinning  model  is  approximately  equal  to  the  difference  between  a 
band  edge  (conduction  band  edge  for  an  n-cype  semiconductor  and  valence  band 
edge  for  p-cype)  and  the  relevant  defect  level  (lowest  acceptor  level  for 
n-cype;  highest  donor  level  for  p-cype),  chemical  trends  in  barrier  heights 
are  explained  by  the  combined  chemical  trends  in  band  edges  and  "deep"  defect 
levels  at.  the  semlconductor/metal  contact. 

Recently  we  have  reported  theoretical  predictions  of  Schoctky  bar  er 
heights  for  Au  contacts  to  various  III-V  alloys  [6]  and  for  ccansitlon-metal 
contacts  to  Si^Ge^.^  alloys  (7).  The  III-V/Au  barriers  are  attributed  to 
Fermi-level  pinning  by  cation-on-anion-slte  IIl-V  surface  antlslte  defects 
[6),  The  SljjCej.jj  barriers  are  attributed  to  Fermi-level  pinning  by 
Interfaclal  dangling  bonds  [7].  For  both  systems,  the  theory  is  In  quite  good 
agreement  with  the  measured  barrier  heights,  with  the  observed  chemical  trends 
being  particularly  well  described  by  the  theory. 
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Here  we  extend  Che  simple  theory  of  Ref.  [6]  and  consider  both  anclslte 
deTects,  Including  the  Che  anlon-on-caclon-s'.te  antlslCa  defect.  Our  principal 
motivation  Is  to  compare  the  alloy  dependences  for  the  Schottky  barriers  that 
result  from  Fermi-level  pinning  by  the  two  different  types  of  antisite 
defects.  As  discussed  below,  we  find  that  dE/dx  is  very  different  for  the  two 
defects  In  some  cases,  where  E  is  a  Fermi-level  pinning  defect  energy  level 
and  X  Is  the  alloy  composition,  this  appears  to  explain  the  different 
dependences  on  x  of  observed  barrier  heights  of  Al^Ca^.^As  with  AJl  and  In 
concicts  on  the  one  hand,  and  with  Au  contacts  on  the  ocher  hand. 


II.  Simple  Four- Atom  .Model 

Before  giving  Che  results  of  our  detailed  calculations  —  which  employ 
Che  sp^s*  model  of  Vogl  et  al.  [8]  for  Che  bulk  electronic  structure,  Che 
scaled-atomic  energy  model  of  HJalmarson  et  al.  (9]  for  Che  Impurity 
potentials,  and  ch.e  analytic  Green's  function  technique  [10]  —  let  us 
consider  a  very  simple  four-atom  model  for  each  of  the  two  surface  anClsltc 
defects:  the  anclslte  atom  at  a  surface  and  Its  three  nearest-neighbors.  We 
will  find  chat  this  model  provides  a  remarkably  good  description  of  Che 
chemical  trends,  and  tends  to  increase  our  faith  In  the  central  results  of  Che 
much  more  complicated  calculations. 


The  simple  four-atom  model  can  be  constructed  by  first  considering  a 
five-atom  model  consisting  of  an  antisite  impurity  In  the  bulk  and  its  four 
neighborti  and  Chen  replacing  one  of  the  four  neighboring  acoma  by  a  vacancy 
—  to  simulate  the  aemlconductor  surface.  In  the  bulk,  an  anion  or  cation 
anclslte  defect  Is  cetrshedrslly  coordinated,  which  leads  to  deep  level 
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electronic  states  of  Aj  (s-like)  or  T2  (p-llk.e)  symnetry.  The  symmetry  is 
reduced  at  the  sui'face,  and  the  states  of  A^  and  T2  symmetry  mix. 


A.  Bulk  antisite  Defects 

For  concreteness,  consider  the  .nlon-slte  bulk  antlslte  defect  (Ga^j)  In 
GaAs.  Take  as  a  basis  (1)  the  s-  and  prorbitals  of  Che  antlslte  defect  atoms 
|s>  and  |p>  (with  energies  and  Cp)  and  (11)  the  main  s-llke  (or 
A^-symmecrlc)  and  p>llke  (T2-8yamecrlc)  orbitals  of  the  rest  of  the  solid 
without  the  central  atom  —  namely  the  and  T2  orbitals  of  a  vacancy  (with 
energies  E(Aj;v)  and  E(T2;v)).  In  a  model  which  considers  only  the  defect  and 
Its  four  neighbors,  the  vacancy  A^  orbital  Is 


|Aj:v>  -  (  ll>  +  12>  +  13>  +  |4>  )/2, 


(1) 


where  ll>  Is  the  Inward-directed  sp^-hybrid  centered  on  the  1-th  neighboring 
site  [11].  Similarly  the  relevant  T2-vacancy  orbital  Is 


1T2:v>  -  (12)"‘/2  (  +  |2>  +  13>  -  3  |4>  ). 


(2) 


The  i  orbital  of  the  nntlsite  Impurity  only  Interacts  with  |Aj;v>;  and  the  p 
orbital  which  Is  polarized  toward  atom  A  Interacts  only  with  |T2;v>.  Notice 
that  the  wavefunctlon  1$  equally  distributed  among  the  four  hybrids  for  Che 
1A[;v>  orbital,  but  Is  more  heavily  weighted  on  hybrid  |4>  for  the  |T2;v> 
orbital.  The  model  bulk  antlslte  Hamiltonian  can  be  simply  written  as  a  direct 


sum: 
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I  HCAj)  0  \ 

\  0  Hdj)  I 

where  we  have  (In  Che  basis  |A^;v>  and  |s>} 

/  ECAjjv)  -t(Ai)  \ 

H(Ai)  -  1 

\  -t(Ai)  c,  } 

and  (In  Che  basis  |T2;v>  and  |p>) 


’bulk 


Hdj)  - 


/  Edj-.v)  -cCTj)  \ 

\  -'=('^2)  Ep  / 


(3) 


(4) 


(5) 


The  vacancy  energies  E(A^;v)  and  E(T2:v)  are  obtained  from  Green's  function 
calculations  [9]  of  Ideal  vacancy  energies,  and  are  the  eigenvalues  of  H(Ap 
and  H(T2)  In  the  limit  of  Cg  and  Cp  being  Infinite  [12),  The  energies  and 
tp  are  determined  from  atomic  energy  tables;  for  example,  Is  8031  of  the 
dlf f-'trence  Is  s-orbltal  energies  of  Ga  and  As  for  Ga  on  the  As  site  In  GaAs 
[8,91.  Tl'e  coupling  parameters  t(Aj)  and  c(T2)  are  obtained  by  fitting 
calculated  [9]  bulk  antlslte  defect  levels. 


B.  Surface  aniisite  Defects 

We  next  change  one  of  the  four  neighbors  (atom  4)  surrounding  the 
antlslte  into  a  vacancy.  This  Is  accomplished  by  allowing  the  antlslte  only  to 
Interact  with  the  a^  or  o-llke  molecular  orbital,  which  has  no  amplitude  on 
atom  4: 


|ai>  -  (/3  (Ai;v>  +  |T2;v>  )/2 


(6) 
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The  surface  Hanitlconlan  of  Che  anclslce  Inceracclng  wlch  only  three 
neighbors  becomes  (In  a  basts  |a^>,  |8>,  and  |p>) 


*^8urface 


(7) 


where  e(ap  Is  the  self-energy  of  Che  remaining  three  sp^-hybrld  orbitals,  and 
Is  given  by 


c(ai)  -  [3  E(Ai;v)  +  E(T2;v)l/A. 


(8) 

The  s  and  p  orbitals  of  the  antlslte  Interact  with  Che  remaining  sp'’-hybrlds 
with  reduced  strengths  c^  -  /3  c(Aj)/2  and  to  “  t(C2)/2. 


In  this  simple  model,  Che  changes  due  to  Che  surface  are  contained  In  th-; 
facts  that  (a)  Che  s  and  p  orbitals  of  Che  antlslte  Interact  with  an  "average" 
hybrid  orbital  of  Its  neighbors,  having  "average"  energy  c(aj),  and  (b)  the 
strengths  of  the  Interaction  for  Che  surface  are  reduced  from  Chose  of  the 
bulk.  Both  effects.  In  particular  (b),  can  markedly  shift  Che  surface  antlslte 
levels  from  Chose  of  the  bulk. 


The  results  of  this  simple  model  ace  compared  with  Che  full  surface 
Green's  function  calculation  In  Figs.  1  and  2.  For  the 

catlon-on-the-anlon-slte  defect  (e.g.,  Ca^g),  the  model  yields  only  ona  level 
In  or  very  near  the  band  gap  —  an  acceptor  level  that  can  produce  Ferml-l»vel 
pinning  and  Schottky  barrier  fo~maclcn  for  an  n-type  semlcon-i'uctor.  The 
detailed  calculations  (6]  also  produce  only  a  single  prominent  level  In  the 
band  gap  for  this  defect  —  again  an  acceptor  level.  When  Che  results  of  the 


E(eV) 
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Anion-Site  Antisite  Defects 


AlAs  GqAs  GaP  InP 


Fig.  1.  Predictions  of  simple  four-atom  model  for  acceptor  levels 
associated  with  catlon-on-anlon-slte  antlslte  defects  (open  circles)  compared 
with  predictions  of  detailed  calculations  (open  :)quare8}  [6]. 


46 


DOW  et  al. 


Cation-Site  Antisite  Defects 


AlAs  GaAs  GaP  IhP 


2.0- 

UJ 

^  A  * 

1.0- 

-  /M.\  9 

/  /  \  N 

no  _ 

^  m  /  \  '■ 

Model  1 


AlAs  GaAs  GaP  InP 


Fig.  2.  Predictions  of  simple  four-stom  model  for  scceptor  and  donor 
levels  associated  with  snlon-on^cetlon-slte  antlslte  defects  (circles) 
compared  with  predictions  of  detailed  calculations  (squares)  [6].  Open  circles 
and  squares  are  acceptor  levels  (empty  for  neutral  defect),  and  solid  circles 
and  squares  are  donor  levels  (filled  for  neutral  defect).  "Model  2"  represents: 
the  "exact"  calculation  for  the  four-atom  model,  and  "Model  I"  represents  a 
calculation  In  which  the  indirect  coupling  between  s-orbltal  and  dangling-bond 
p-orbltal  on  the  defect  site  Is  neglected.  (See  text.) 
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slrapla  model  (open  circles)  end  deCelled  calculations  (open  squares)  are 
compared  In  Fig.  I.  It  can  be  seen  that  the  chemical  trends  are  In  remarkably 
good  agreement. 


\  similar  comparison  for  the  other  anulsite,  the  anlon-on-the-catloc. -site 
defect,  Is  shown  In  Fig,  2.  Aa  described  above,  two  versions  of  the  simple 
model  were  used:  In  "model  I,"  the  3x3  problem  of  Eq.  (7)  vas  artificially 
decoupled  to  yield  the  two  2x2  problems  of  Eqs.  (4)  and  (5).  This  amounts  to 
neglecting  the  Indirect  Interaction  between  the  defect-site  s-orbltal  and 
dangling-bond  p-orbltal  via  the  direct  Interaction  of  each  of  these  orbitals 
with  neighboring  orbitals  on  the  adjacent  anion  atoms.  (See  Eq.  (7).)  In 
"model  2,"  the  full  3x3  problem  Is  solved.  In  both  models,  one  acceptor  level 
and  one  donor  level  are  produced  In  (or  very  near)  the  band  gap.  (The  "better" 
model,  model  I,  gives  the  "worse"  results  because  of  the  hybridization  of 
s-orbltal  and  dangling-bond  p-orbltal  on  the  antlslte  defect;  this  Is  not  the 
relevant  point,  however.)  As  can  be  seen  In  Fig.  2,  either  of  these  versions 
of  the  simple  4-atom  model  (open  and  solid  circles)  yields  chemical  trends 
almost  Identical  to  those  of  the  detailed  calculations  (open  and  closed 
squares) . 


The  agreement  between  the  simple  models  of  both  defects  and  the  detailed 
calculations  Indicates  that  both  approaches  provide  a  reliable  description  of 
the  chemical  trends.  It  also  Indicates  that  these  trends  have  a  simple 
physical  origin,  principally  Involving  the  dangling-bond  p-orbltal  for  the 
anlon-slte  defect  (e.g.,  Ga^^)  and  both  the  s-orbltal  and  dangling-bond 
p-orbltal  for  the  catlon-slte  defect  (e.g.,  As^^). 
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Fig.  3.  Predictions  of  detailed  calculations  for  the  catlon-on-anlon-slte 
defect  (e.g.,  )  and  the  anlon-on-catlon-slte  defect  (e.g.,  Asgg)  at 

relaxed  (llO)  surfaces  of  III-V  semiconductors  and  their  alloys.  Only  the 
acceptor  levels,  relevant  to  Ferml-level  plnnlngs  on  n-type  semlconduct’irs , 
are  shown.  For  AijjGaj.j^As ,  note  that  the  slope  of  the  acceptor  level  (dE/dx) 

Is  large  for  the  catlon-on-the-anion-slte  defect  and  small  for  the 
anlon-on-the-catlon-slte  defect.  The  experimental  data  for  Au  contacts  to 
various  alloys,  and  At  and  In  contacts  to  At^Caj.^^As,  are  also  shown. 
(References  to  the  experimental  papers  are  given  In  Refs.  [3]  and  [6].  We 
attribute  the  data  for  Au  contacts  and  for  Al  contacts  to  At-rlch  Alj^Ga^.j^As , 
to  Ferml-level  pinning  by  the  cation-on-the-anlon-slte  antlslte  defect.  The 
anlon-on-catlon-slte  defect  Is  Identified  as  responsible  for  pinning  the  Fermi 
level  at  In  and  At  contacts  to  Ga-rlch  Ai^^Ga j.^^As .  These  results  Indicate  that 
the  slope  of  the  Ferml-level  pinning  position  as  a  function  of  alloy 
composition  (dE/dx)  can  serve  as  a  signature  of  the  defect  type.  T'n 
conduction  band  edge  Is  denoted  E^. 
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In  Fig.  3,  ;a  show  predlcClons  of  our  detailed  calculations  for  several 
III-V  alloys,  compared  with  experimental  Kerral-level  pinning  positions 
Inferred  from  measurements  of  Schottky  barriers  and  MOS 

(metal-oxygen-semlconductor)  structures,  (the  sources  of  the  experimental  data 
are  cited  In  Ref.  16]  and  the  review  of  MSnch  [3].)  For  Au  contacts  to  all 

alloys,  the  data  appear  to  be  well  described  by  the  catlon-on-anlon-s Ite 
defect  level  (e.g.,  Ca^j).  This  defect  state  Is  cation  dangllng-bond-llke  In 
character  and  draws  Its  strength  mainly  from  the  conduction  band.  Hence  Its 
energy  changes  considerably  as  the  alloy  composition  varies. 

The  data  for  In  and  AX  for  small  x  In  AX^Ga^_jjAs  however  show  only  a 
modest  change  with  alloy  composition.  In  fact,  AX  appears  to  produce  a  kink  In 
the  Fermi-level  pinning  position  as  a  function  of  x.  The  defect  model  readily 
explains  this  behavior  In  terms  of  a  "switching"  of  Che  dominant  defect  from 
Che  catlon-on-anlon-slte  defect  (e.g.,  Ga^g)  for  large  x  Co  the 
anlon-on-catlon-slte  defect  (e.g.,  ASq^)  for  small  x.  The  anlon-on-catlon-site 
defect  level  has  anion  dangling-bond  character.  Is  valence-band-llke,  and 
hence  shows  little  change  as  Che  alloy  composition  x  varies. 


III.  SUMMARY 

Thus  the  simple  picture  of  Fermi-level  pinning  by  deep  energy  levels 
associated  with  defects  accounts  for  Che  chemical  trends  In  the  Schottky 
barrier  data.  Indeed,  Che  essential  physics  Is  contained  In  Che  simple 
four-atom  model  which.  In  a  hybrid  basis,  can  be  easily  evaluated. 


Vfe  thank  the  Office  of  Naval  Research  (Contract  Nos. 
N00014-84-K-0352  and  N00014-82-K-0447)  for  their  generous 
support. 
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A  theory  of  sp'-bonded  substitutional  deep  impurity  levels  in  periodic  A'l  • 

GaAs/AI,Gai_,As  superlattices  predicts  that  as  the  thickness  /(Ga.As)  of  each  GitAs  layer  is  re¬ 
duced  below  a  critical  value  I S  17  A  or  A’|  56  forx  =i).7!  common  shallow  donor  impurities  such 
ns  Si  cease  donating  electrons  to  the  conduction  band  and  instead  become  deep  traps  This  happens 
because  the  deep  levels  associated  with  point  defects  in  either  GaAs  or  Al,Ga| .  ,As  layers  tvs  hen 
measured  relative  to  the  valence-band  maximum  of  GaAs)  are  much  less  sensitive  to  changes  of  the 
alloy  composition  or  layer  thicknesses  of  the  superlattice  than  the  superlattice  band  edges,  particu¬ 
larly  the  conduction-band  edge.  For  some  compo.sitions  .v.  dopants  such  as  Si  are  .  hallow  donors  in 
A’X.Y  GaAs/.Al,Ga|. ,.As  supcrlattices  but  deep  traps  in  .Al.,  :.Ga!...,/;  As  alloy  (the  alloy  ob¬ 
tained  by  disordering  the  superlattice).  The  band  gap  and  band  edges  of  the  mperlattice,  atui  hence 
the  ionization  energies  of  deep  levels,  depend  strongly  on  the  layer  thickness  /iGaAs)  but  only  weak¬ 
ly  on  /(.Al,vGai_,.As).  TheT:-  and  ,1  i-derived  ceep  levels tof  the  bulk  point  group  T,/)  are  spii*  and 
shifted.  respectisel.Vi-ncar  a  GuAs/Al,Ga|..,.As  interface;  ,the  p-like  r»  level  splits  into  an-c,  tp.- 
likel  letel.  a  b\  ((p,  -pp,.)-like]devel.  and  a  h-  [(pj  -p,. '-like]  level  of  the  point’ group  for  any  gei.efal 
superhtttice.site  tC:,.),  .whereas;the  J;like  .-li  bulkrlevel  becomes  an  0(  ls-like)-level  of  C-,..  the  or¬ 
der  of  magnitude  of  the  shifts  and  splittings  of  deep  levels  at  a  GaAs/AI(Gai_,As  interface  is  0.1 
eV,  depends  on  .v,  and  becomes  very  small  for  impurities  more  than  about  three  atomic  planes  av  ay 
from  an  interface.  Deep  levels  in  the  GaAs  quantum  wells  experience  level  shifts  due  to  (ii  penetra¬ 
tion  of  their  wave  functions  into  the  more  electropositive  .Al»Gai,,.As  layers,  (ili  the  band  offset, 
and  (iii)  quantum  confinement.  The  cation  vacancy,  when  brought  close  to  a  GaA»AA|,On.  .,,As 
interface,  may  undergo  a  shallow-deep  transition.  The.se  predictions  are  based  on  a  periodic  sii- 
perslab  calculation  for  unit  superslabs  with  total  thickness  t(Ga.As)-}-fi.Al,Ga,_,As)  as  large  .ns  102 
A  or  .V|-t-.Y.  =  36  two-atom-thick  layers.  The  Hamiltonian  is  a  tight-binding  model  in  a  iiybrid 
basis  that  is  a  generalization  of  the  VogI  model  and  properly  accounts  for  the  nature  of  intcrfuc..il 
bonds.  The  deep  levels  are  computed  by  using  the  theory  of  Hjalmarson  et  at.  and  the  special- 
points  method  Our  results  indicate  that  .some  normally  shallow  donors,  such  as  Si  can  become 
deep  levels  at  certain  sites  in  the  superlattice  :  a  •’esult  of  local  fluctuations  in  alloy  composition  .x 
or  layer  thickness  /(GaAs). 


I.  INTRODUCTION 

Modulation  doping  of  GaAs/Al^Gui.^As  superlat¬ 
tices,'’*  by  which  Si  impurities  are  inserted  into  the 
large-band-gap  Al.,(1a|_.,As  layers  of  a  superlattice  but 
donate  their  electrons  to  the  small-band-gap  Ga.As  layers, 
has  already  played  a  nMe  in  the  development  of  high¬ 
speed  lll-V-compound  .semiconductive  devices.  Howev¬ 
er.  practical  devices  ba-ed  on  Al.vGai_  ,.As  often  are  lim¬ 
ited  to  alloy  compo-sitions  .v  <0.3  because  of  the  inability 
of  Si  to  dope  n  type  for  .v  >0.3.’'  apparently  becau.se  of 
the  formation  of  Si-related  centers  that  are  deep 
traps.'""  Furthermore,  some  devices,  such  as  HEMT's 
(high-elcctron-mobility  transistors)  operate  using 
quantum-well  .structures'*  at  or  near  Ga.-\s/ 
.Al^Ga|.  ^  As  interracc-i.  tinJ  the  performance  of  lhe.Ne  de¬ 
vices  depends  on  the  doping  tc:Ci.  by  Si),  the  alloy  compo¬ 
sition  .V.  and  the  super!.:’ t ice  structure. Clearly,  a 


theory  of  impurity  levels  in  superlattic-s  and  lu  ,  ostruc- 
tures  is  needed  to  un.lerstand  the  conditions  under  which 
a  .specific  impurity  produces  shallow  donor  levels  and 
“dopes"  the  semiconductor  versus  the  conditions  for 
deep-trap  formation  and  the  trapping  of  carriers.  That  is 
the  purpose  of  this  paper.  Das  Sarnia  and  Madhukar''* 
have  previously  discussed  the  d-c‘,  levcl.v  of  vac.''ncies  in 
.some  superlattices,  but,  to  our  knowledge,  the  present 
work  is  one  of  tiie  first  systc.matic  studies  of  the  ciiemical 
trends  of  deep  impurity  levels  in  supcrlattices."'’'*'  We 
do  know  that  Hjalmarson.''  Nelson  <7  and  Lannoo 
and  Bourgoin'"  arc  studying  deep  level,  in  parallel  with 
bur  effort,  however,  ilthough  w-.  are  not  fiilly  aware  of 
the  current  stale  of  their  work.  Tltis  is  also  the  fi:  st  treat¬ 
ment  of  defects  in  laigc-layer  .superlattices;  wc  consider 
unit  supercells  typically  4"  atomic  planes  thick.  Ttie 
theory  developed  here  is  an  e.xtension  to  superlattices  of 
the  theory  of  llju'mar.son  et  «/.*“  of  deep  impurity  levels 
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in  the  bulk,  which  has  successfully  predicted  deep  levels 
and  their  wave  functions.-'"-' 

II.  FORMALIS.M 
A.  Host  Hamiltonian 

We  treat  a  periodic  GaA.s/Al,^Ga|_^As  supcrlattice 
whose  layers  are  perpendicular  to  the  [001]  direction. 
We  employ  a  nearest-neighbor  tight-binding  Hamiltonian 
with  an  s*sp^  basis  of  five  orbitals  at  each  site.  Our 
Hamiltonian,  in  the  lim.,  x  =0,  is  idehtical.to  the  Vogl 
model  for  GaAs.  Some  differences  are  introduced  be¬ 
cause  of  the  superlattice,  which  we  treat  using  a  su¬ 
perhelix  or  supercell  method.  The  superlattice  we  con¬ 
sider  has  A'l  two-aton-ihick  layers  of  GaAs  and  two- 
atom-thick  layers  of  AlvGai_.jAs  repeated  periodically; 
the  GaAs  and  Al^Ga,_,.As  are  assumed  to  be  perfectly 
lattice  matched.  We  denote  this  superlattice  either  as  a 
(GaAs).V|/(Al;,Ga,_,As)v-  superlattice,  or  as  a 

Ga.As/Al^^Gai.^As  superlattice  with  N^  GaAs  layers 
and  A'j  Al;,Gai_,As  layers,  or  as  an  A',  xA', 
GaAs/Al,Gai_,As  superlattice. 

We  first.define:(for  the  case  X  =  1  )=a  s^per/tW/x  or  su¬ 
percell  as  a  helical  string  with  axis  aligned  along  the  [001] 
or  2  direction  consisting-of  2A'|  -t-  2Ni  adjacently  bonded 
atoms  As,  Ga,  As,  Ga,  As, . . . ,  Ga,  As,  Al,  As,  Al,  As, 
Al, . . . ,  As,  Al,  (For  x#l,  replace  Al,  by  ,Al_,Ga,_.,.) 
The  center  of  this  helix  is  at  L  and  each  of  the  atoms 
of  the  helix  is  at  position  L+Vp  (for  H 

= 0, 1 , 2, . . . ,  2A'i  +  2A%  —  1 ).  A  superslab  of 
GaAs/Al;^Ga|_.,As  consists  of  all  such  helices  with  the 
same  value  of  L.  and  all  possible  different  values  of 
and  Ly,  and  the  supcrlattice  is  a  stacked  array  of  these 
superslabs.  If  the  origin  of  coordinates  is  taken  to  be  at 
_ I 


an  As  ^tom,  the  x  and  y  a.\cs  art*  oriented  such  that  a 
neighboring  cation  is  at  ( i,  \  )a, ,  where  js  the  lattice 
constant.  At  each  site  there  are  s*sp''  basis  orbitals 
j;H,L.v^{).  where  n  =s\  s,  p,.,  p^.,  or  p..  and 

^=0,1.2 . 2A'| -1-2A’2  — 1.  From  these  basis  orbitals 

we  form  thesp-'  hybrid  orbitals  at  each  site  R  =  (L,v^). 
The'hybrid  orbitals  are 

i  h.f ,  R )  =  [  i  5,  R )  -(-  A  j  p ,  R  i  p,. .  R )  a.  /v  p. ,  R )  ]  /2  . 
f  /i2,R)  =  [  ji-,R)-f  A  ip^.R)— '  p,.,R  t-A  ip_.,R)]/2  , 
l/tj,R)  =  [  |s.R)-;.ip.,,R)-rA;p,,.R)-A,p_..R)]/2  , 
and 

|/i4,R)  =  [  !.r,RO-A!p^,R)-A:p,..R).fA  ,p..R)]/2  , 

(1) 

’where  /.=  +  !  (  —  1)  for  atoms  at  anion  (cation)  sjtes. 
Ne.\t,  we  introduce  the  label  /14,  and 

our  hybrid  basis  orbitals  are  ;  I’.R).  In  terms  of  these  or¬ 
bitals  we  form  the  tight-binding  orbitals-'* 

i  V,^,k)==.V, 2  exp(/k*L-f  -j  -Vp)  ‘  y.L.  v.j)  ,.  (2) 

l' 

where  k  is  (in  a  reduced-zone  scheme)  any  wave  vector  of 
the  minizone  or  (in  an  c.vichded-zone  scheme'  any  wave 
vector  of  the  zinc-blende  Brillouin  zone.  Here,  A'j  is  the 
number  of  supercells. 

The  minizone  wave. vector  is  a  good“quantummumber, 
and  so  the  tight-binding  .Hamiltonian  is  diagonal  in  k. 
Evaluation  of  the  matrix  cleihents  iv;/J.k  H  v',/?'.k) 
leads  to  a  tight-binding  Hamiltonian  of  the  block- 
tridiagonal  form.  For  different  (i  arid  P'.  the  first  three 
rows  of  block  rnatrices  are 


/f(O.O)  i/(0.1)  0:  . 

Hill)  Hil.l)  0  0 

0  //•(!, 2)  Hi2,2)  Hi2,2)  0 


0  yf(0,2A’|-r2A\-l) 
0  0 

0  0 


(3) 


The  last  row  of  blocks  is 
."•(0,2A,-f-2A'2-^l)  0  0 


0  // •  ( 2A’ I  2A'j - 2.  2.V ,  _ 2.V2  -  1 )  Hi2.\\-^2Sy 


1.  2.V, 


(4) 


Here,  Hifi,fi‘)  depends  on  k  and  is  g  .ven  in  terms  of  vari¬ 
ous  5x5  matrices  foi  differeni  vand'v’. 

The  diagonal  (in  (Jl  5  ■’5  matii.x.  fhP.P)  at  .site/?,  is 


v'./?.k'  = 


0  0  0  {)■  j 

c„  T  T\ 
T  C;,  7‘  /•' 

T  T  c,.  T 

I'  T  r  v.  I 


'5' 


I  ^ 

where 

£..  =*  c, -r.’C, '/'4  16) 

is  the  hybrid  energy,  and 

■/■=f  — c,  >/4  i7) 

!•  the  hybrid-hybrid  inieraciion:  ihc  energies  £  e, .  and 
/'i:;  II  p.lh  refer  to  she  ,.!  tlie/jth  site,  and  ma\  be 
vibuii'ied  from  the  e!ier.jes  u  'abnl  iied  bv  \'oe!  ei  ui.  ' 
To  a.evumi  for  liie  obser\ed"  va'cnr  -oand-.dee  diseon- 
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tinuity  of  32%  of  the  direct  band  gap.*^  a  constant  is 
added  to  and  e,,  for  AI^Gai .  ^.As;  this  constant  is  ad¬ 
justed  to  give  the  valence-band  maximum  of 
Al,Ga|_,As  below  the  valence-band  maximum  of  GaAs 
by  32%  of  the  direct-band-gap  diifcrence  in  the  limit 


.V,  =  -V,--=c, 

The  oflT-diagonal  matrix  •.■lernents  Iv',/?',k) 

or  /f(/?,^')  are  best  expressed  in  terms  of  matrix  elements 
of  H  between  s  *.  x,  and  p  orbitals.  This  is  accomplished 
by  !::e  transformation 


<v,P,k\H\  v',)S'.k)=  2  C{v,iv,P)C{v‘,n'-,P')(n.l3A\H  n',p‘,k)  , 

where  we  have  the  s*.yp  '  tight-binding  functions 
I  «,/?,k)=.V/'  ’  2  4- ik'Vij)  *  n.L.v^j) . 

L 

and  the  5X5  matrices  C(v,n  \p)  are 

s*  s  p.,  Py  p, 

5*  1  0  0  0  0 

A,  0  1  ^Xn  -f-3./2  -f/./2 

Civ,n]p)=|^^^  0  I  -1-A./2  -k/2  -a/2  ’ 

■hy  0  I  -A/2  -i-A/2  -A/2 

A4  .0  j  -A/2  -A/2  -f A/2 


(8) 

(9) 

(10) 


where  A*  -b  1  ( —  1 )  if  /?  refers  to,an  anion  (gation). 

There  are  several  distinct  cases  for  which  the  off-diagonal  (in  /?)  matrix  elements  (n,p,k  [  H  > k)  are  nonzero 

(forpi^in 


I,  Iniramaterial  matrix  elements 

1(0  and  both  refer  to  nearest-neighbor  sites  in  the  same  material  (cither  the  GaAs  or  the  Al^Ga,_.tAs),  we  have 
(assuming  0  and  0"  are  in  material  number  1 ,  the  GaAs).  for  e.xample, 

(«,/3,kj/f  |«',/?'.k)=/f,,„  .  (ID 


if  0  refers  to  a  cation  and  0"  refers  to  an  anion. 

is  a  5x5  matrix  whose  rows  and  columns  are  labeled  by  n,  which 

ranges  over  the  values  s*,  s,  p^,  Py,  and  p..  Similarly,  we  have  matrix  elements  H. 

iici>>^u:c2>  “”‘1  ^c’a2-  These  matrix 

elements  are 

0 

0 

n.y*c.pfl)gf,a  - 

K(.y*c,pfl)gff„  - 

-yis*c,pa)gi^,^ 

0 

■nxc.palgf^a  - 

-K(5C,pa)gu.a 

-  y(sc,pa)go,a 

\V{s*a,pc)gl^ 

Klxa.pdg^^ 

f'i-VXlgoca 

^'(•<..V’)goiu 

»'(-'f.3’)grw 

(12) 

y{s*a,pc)g*y^ 

y{sa,pc)g 

yf-'Cyy^sL 

y(s*a,pc)gt^. 

yisa,pc)gSca 

y(x>yfsL 

y(x>y^<fL 

n.v..v)gi:,„ 

and 

0 

0 

y(s’a,pc)g,^. 

-y(x*a,pc)g,^. 

-y(s*a,pc)gf^, 

0 

k'(.y,x)g„„.. 

y(sa.pc)g,„y 

-  y(sa,pc)g,^,. 

-  yisa,pc)g„^. 

-  I'(x*c.pa)g,u,.  -  n.vc.p£))g|u,. 

y‘-r..\)gtk,c 

-  ^-''-v-A-tgiu, 

(13) 

K(.v*c.pa)g|„.. 

nxc.polgi^,. 

-  D‘.t.  v)g,to.. 

l-'f-v-yigi,,,. 

K(,v*c\pa)g„^,. 

yisc.paigil,. 

All  of  the  matrix  elements  V  are  those  tabulated  by  Vogl  et  a!.' 

•'  for  material  number  1  iviz..  GaAs).  Identical  expres- 

sions  exist  for  //„>.  >  and 

withAl  jGai  \ 

.As  matrix  elements.  iThe  .Al^Gai 

^.As  matrix  elements  are  obtained  by 

a  virtual-crystal  average  of  the  Vogl  matrix  elements  for  AlAs  and  Ga.As:  .v  times  the  corresponding  .AlAs  matrix  ele¬ 
ments  plus  1  -.t  times  the  GaAs  matrix  elements.) 
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2.  Intermaterial  matrix  elements 


At  the  interface  between  GaAs  and  Al;(Ga|_  ,As  there  will  be  nonzero  matrix  elements  of  H  for  each  bond  between 


nearest  neighbors.  These  are  Hg2c\  ^‘nd  Hc2a\- 

0 

0 

K(s*a,pc)g,„,  - 

-y(s*a,pc)g,jr 

-  K(.v*fl,pc)go<,<. 

0 

Visa, pc  )g,^^ 

-  y(sa,pc)g,^. 

-  F(.vfl,pc)go^, 

^a2el 

-ns*c,pa)g,„. 

-F(sc,pu)g,a<. 

-  y(x,y)g(„. 

K(s*c,pfl)g|„, 

K(sc,pa)g|<,, 

-  f^(x,y)goc,c 

n.x,.v)go,. 

Vls*c,pa)go,, 

('(sc.palgoa,. 

-  ^^(X.yiglac 

y(x,y)g,,. 

y(x,x)g„„. 

and 

0 

0 

-F(s*c,pfl)gJ„ 

y(s*c,pa)gj^^ 

F{s*c,p6-)g5„, 

0 

=  -K(sc,pfl)gf„, 

y(sc,pa)g^,. 

y(sc,pa)gS^^ 

^e2a  1 

f^(s*a,pc)gl, 

y(sa,pc}g^^. 

y(x,x)gS^^ 

-  y(x,y)gojc 

-y(x.y}gl, 

-K{s*a,pc)gJ'„ 

-y(sa,pc)g^^. 

-  y(x.y)gnjc 

y(x,x)g;,, 

yix.y)gt,. 

-y(s*a,pc)gSa^ 

-  K(ja,pc)g5,„ 

-  y(x,y)g  i. 

y(x,y)gl. 

F(x..v)g(t„f 

r 


Here  the  Vogl  matrix  elements  are  those  for  the  bond  in 
question:  If  the  cation  is  Al,Ga|_;,  and  the  anion  is  As, 
then  the  matrix  element  is  the  Al.,Ga,_;,As  matrix  ele¬ 
ment  obtained  by  a  virtual-crystal  average  of  the  AlAs 
and  GaAs  values.  We  also  have 

goofl=exp(»k’d,)-hexp(/k'd4) , 
gira=exp(tk<d,)-e.xp(/k’d4) , 
goflf=exp(«k*d;)-fe.\p(/k>d,,) , 
and 

g,aj=expl/k-d;)-e.xp(ik'd,)  ,  (16) 

where  we  have  4d./fli=(  1,1,1),  (1,— 1,-1),  and 
(-1,1,— 1),  and  <  -1,— 1,1)  for  i  =  1',  2,  3,  and  4,  respec¬ 
tively.  Here,  ai_  is  the  room-temperature  lattice  cpnstant 
of  GaAs,  5.653  A,  which  we  assume  is  equal  to  that  of 

.\l.,Gai_.jAs.’* 

In  this  work  we  study  deep  impurity  levels  in  superhel¬ 
ices  as  large  as  A'|  +  A';  =  20;  that  is,  in  40-atom-thick  su- 
perslubs.*'*  The  dimension  of  the  Hamiltonian  matrix  at 
each  value  of  k  is  5(2A'|  -f  2A',).  because  there  are  five 
orbitals  per  site.  We  diagonalize  this  Hamiltonian  nu¬ 
merically  for  each  (special  point)  k,  finding  its  eigenvalues 
and  the  projections  of  the  eigenvectors  ly.k)  on 
the  ‘  v,/?,k)  hybrid  basis:  (v./?.k  !  ]',k).  Here,  y  is  the 
band  index  (and  ranges  from  1  to  200  for  A'|=A';=10< 
and  k  lies  within  the  mini-Bnllouin  zone  in  a  reduced- 
zone  scheme  or  within  the  GaAs  Brillouin  zone  in  an 
e.xtended-zohe  scheme.  (We  assume  that  Ga.As  and 
.Al,Ga,_^.As  are  perfectly  lattice-matched. 

B.  Deep  levels 

The  theory  of  deep  levels  is  based  on  the  Green's- 
funcifon  theory  of  Hjalmarson  cl  which  solves  the 


secular  equation  for  the  deep-level  energy  E, 
det[l-G(£)K] 


11 

o 

II 

Q. 

o 

i-p  f 

5(E'-N)-;r^ 

dE' 

J 

£-£ 

Here,  Kis  the  defect  potential  matrix,*®  which  is  zero  ex¬ 
cept  at  the  defect  site  and  diagonal  on  that  site, 
(0,Kj, in  the  Vogl  s*sp-  local  basis  centered 
on  each  atom.  We  also  have  G  =(E  —H)~\  where  H  is 
the  host  tight-binding  Hamiltonian  operator.  The  spec¬ 
tral’ density  operator  is  blE'—H)  and  I'  denotes  the 
principal-value  integral  over  all  energies.  In  the  funda¬ 
mental  band'gap  of  the  superlattice,  G  is  real. 

1.  Point-group  analysis 

A  substitutional  point  defect  in  either  bulk  Gii.As  or 
bu|k  Al^Gai_,  As  has  tetrahedral  i  T,/)  point-group  sym¬ 
metry  (assuming  a  virtual-crystal  approxinnuion  for 
Al.,Ga,_,As).  Each  such  sp -'-blinded  defect  normally 
has  one  i-Iike  ( .4 1 )  and  one  triply-degenefate  p-like  ( T, ) 
deep  defect  level  near  the  fundamental  ba'  d  gap.  If  we 
imagine  breaking  the  .symmetry  of  bulk  Ga.As  by  making 
it  into  a  GaA.s/GaAs  superlattice  along  the,[0LH]  direc¬ 
tion,  we  reduce  the  T,i  .symmetry  to  D-,/.  If  in  addition, 
we  change  alternating  slabs  of  Ga.As  to  virtual-crystal 
AI,Gui  ^.A.s,  forming  a  GaA.s/AI^Ga,  .,.A.s  superlat¬ 
tice.  then  the  point-group  .symmetry  of  a  general  substitu¬ 
tional  defect  is  C,,,.  iFor  .selected  Mies.  e.g..  at  the  center 
of  a  materitil.  the  symmetry  can  be  highe:.*  Note  that  the 
C>,  symmetry  we  find  difiers  from  tlitsi  o:‘Ref.  14.  In  the 
GaAs/.M^Ga,.  ,As  superlattiee  the  1  and  'l\  deep  lev¬ 
els  if  the  bulk  GaAs  or  .•\l^Ga.  ^.-\s  produce  two  «|  lev- 
el.s  «one  .\-like.  derived  from  the  .li  level,  and  one  7\- 
dcrived  p_.-likel.  one  h^  level  [<p,— p,  -like],  .ind  one  lu 
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level  [(/),  —Py  Mike].  Of  course,  for  impurities  far  from  a 
GaAs/Al^Gai_^A.viiit,erfacc.  tlies-like  a.  level  will  have 
an  energy  very  clo.sc  to  the  energy  of  a  bulk  A ,  level,  and 
the  n.-like  level  and  the  b\  and  61,  levels  will. lie  close 
tt.  the  bulk  Ti  level  also.  We  normally  e.spect  to  find  the 
n-deriyed  Oi  level  between  the  and. 6;  levels,  but  if 
the  level  lies  close  to  the  valence-band  ma.ximum.  then 
the  splitting  of  the  valence-band  edge  into  a  ip^-rPi-)- 
and  ip^  -p,.  Mike  ma.ximum  with  a  p.-like  edge  at  slightly 
lower  energy-' because  of  the  smaller  elfective  mass)  may 
cause  the  ai  deep  le-.cl  to  lie  lower  in  energy  th.an.the  b^ 
and  levels  by  a  coniparable  energy  [see  Eq.  '17)].  Note 
that  this  splitting  e.xists  even. for  defects  distant  from  the 
interface  and  is  a  consequence  of  the  different  host  spec¬ 
tral  -.iensities  in  the  superlattice  for  Pi  and  bi  and  bj 
states. 

_ ^ ^ _ J 


2.  Secular  equations 

The  secular  equation,  Eq.  (P',  is  reduced  by  symmetry 
to  the  following  three  equations; 


G(b^;E)=y-' 

for  b|  levels  , 

(18) 

Glb,;E)=y-' 

for  by  levels  , 

•19) 

and 

Gi:s,s-,E)y,-\ 

Gir..z-,E)yp  1 

det 

Giz.s-,E)y, 

G{z.z\E)yp-\  • 

(20. 

for  a  |.  levels,  where  we  have 


G-b, ;£)=.■  V 

■■•.k 


G(b,;£)=2  = 

f’.k 

G(s,s  ;£)=  2 

i**k 


}  (7i  I  ,£,  k  j j;,  k )  - (/i4,£, k  j  y , k )  |  ~ 

.2(£-£...k,) 

|(b,./3,kjyjO-(b3,£,kiy,k>lj 
2(£ ’ 

I,(b|./3,kly,k>-f(/i2./?.k.  y,k>+Vij,/?,k|y,k>-f(/t4,£,k|  y,k>  |* 


G(:,z\E)=2- 

/'*k 


4(£-£,..k) 

(bj.^.k!  y,k>-^(7i:,/3,k!  y,k)-{bj,/3.kf|y,k>-i-(b4,)S,k  |  y,k>  |  ' 


4(£  -Ey^l 


and 


G(s,z;£)=  2  i r.W) -l-(bj,£,k  j  y,k)-i.(bj,/?.k‘|  y.k) -f (b4,/?,k  |  y.k)] 

r.k 

X[(b,.)3,k,|y,k)-(b,,£,kiy,k)-(bj,/?.k;r.k>-l-(b4,/S,kiy,k>]*[4(£-£.,.„)]-'  . 


(21) 


(22) 


(23' 


(24) 


(25) 


Here.  G(z.5;£)  is  the  Hermitian  conjugate  of  G(j,z;£) 
and  is  the  site  of  the  defect  in  the  superlattice. 

For  each  [3  the  relevant  host  Green's  functions,  Eqs. 
(21)-(25),  are  evaluated  using  the  special-points 
method, •“  and  the  secular  equations  (18!-(20)  are  solved, 
yielding  £(b|;F^),  E(bi\Vp),  and  two  values  of 
£(a,:K,,Kp).  The  defect-potential  matri.x  elements 
and  K,  are  obtained  using  a  slight  modification  of 
Hjalmarson’.  .ipproach. For  W|  =iV,  =  10,  there  are 
40  possible  sites  (3,  each  with  four  relevant  deep  levels: 
two  a,,  one  b,,  and  one  b>;  thus  there  are  160  levels. 

3.  Special  points 

For  our  studie.s  of  deep  levels  in  the  band  gaps  of  su- 
perlattice.s,  we  consider  only  superlattices  such  that 
( .V,  -f  .V,  )/4  is  an  integir.  In  such  cases  the  .sum.^  over  k 
in  Eqs.  !21)-(25l  can  be  performed  using  12  special  points 
k=t  .T,  ioj  )u,  where  we  have  the  value  u  and  the  weight 
w  of  each  special  point  (uac):'"  t7.3.1;ii,  (5..'.l:-;l. 
(7, 1.1:-'.  i3.1.1;M.  I3.3.1:ii.  tl.l.l;.-  .  ' -7.3.- 1;^ 
(-5.3.-1:1'.  1-7.1. -l:ii. 


(— 3,3,— l;^),  and  (-l.l,-!;-;^).  For  (^V,-f.V. i/4  an 
integer  and  a  GaAs/GaAs  superlattice,  either  the  first  si.x 
or  the  last  six  special  points  would  be  sufficient  to  give 
the  Green's  function  at  any  site  in  the  superlattice  svith 
the  same  accuracy  as  Chadi's  and  Cohen'.s-'-'  ten  special, 
points  ,for  bulk  GaAs,  which  are  known  to  give  an  ade¬ 
quately  accurate  bulk  Green's  function.  However,  for  the 
GaAs/Al,,Gai_.,As  superlatt'ce,  12  special  points  are 
necessary  because  of  the  reduction  of  symmetry  from  Z);j 
to  C;,,  from  GaAs/GaAs  to  GaAs/Al^Gai_  jAs. 

III.  RE.SULTS 
A.  Host  bund  gap 

Our  calculations  produce  E..  ^,  the  superlattice  band 
structure,  including  the  band  gap,  which  e.xhibits  a  par¬ 
ticularly  interesting  behavior  as  the  thickness  of  the 
GaAs  slabs,  f(GaAs)  =  .Vj«,/2  (where  «,  =5.653  .\  is  the 
lattice  constant  of  GaAsi.  or  the  number  of  GaAs  layers. 
.V..  becomes  small  in  comparison  with  the  thickness. 
tl.Al^Gai  ^.•\si  =  .Y.«,/2.*'  or  the  number  of  layers.  .V.. 


10  682 


SHANG  YUAN  REN,  JOHN  D.  DOW,  AND  JUN  SHEN 


of  Al;,Ga|^,As  slabs:  The  small-band-gap  GaAs  layers 
become  quantum  wells  surrounded  by  large-band-gap 
AlvGa|__,As  (Fig.  1).  .As  a  re.sult,  the  band  gap  of  the  su¬ 
perlattice  increases  from  the  Ga.As  band  gap  toward  the 
Al^Ga|_,As  band  gap  as  .Vj  decreases  (for  A\  large). 
(Qualitatively  similar,  results  for  smaller  +  .V2  super¬ 
lattices  have  been  reported  by  Schulman  and  McGill  for 
GaAs/AlAs  superlattices.  ■’■*>  This  is  demon.strated  by 
the  calculated  results  of  Figs.  2  and  3.  The  band;gap  was 
taken  to  be  the  smallest  gap  found  at  one  of  the  following 
k=('2rr/a^)S  poilU^  of  the  mini-Brillouin-zone: 
S=(0,0,0),  (0,0, r),  (l.j,r).  (ffO),  (l,0,r),  and  (1,0,0). 


where  we  have  r=(A'^i -f  A';)“'.  For  A',  large,  the  gap 


was  invariably  at  k  =  r =(0,0,0),  but  for  small  A',  and 


large  x  (somewhat  larger  than  0.3)  it  was  somet”;tcs 
found  at  S=({,4,r)  or  (4,4,0).  -For  example,  in  Fig.  2 
we  see  the  results  for  A’l  XA';  GaAs/Alo.7Ga()  jAs  super- 


lattices:  the  valence-band  nia.ximum  is  at  F  and  the 


conduction-band  minimum  for  thick  GaAs  layers 


{A'|>8)  is  also  at  F.  However,  for  thinner  layers 
(2<A‘|<8)  the  wave  vector  of  the  superlattice 
conduction-band  minimum  is  at  (2^/04  )(,4, 4,0)  and  the 


superlattice  states  associated  with  this  minimum  are 
largely  derived  from  G&.As  conduction-band  .states  from 
near  the  L.  point,.  (2tr/fli^  K  4, 4. 4).  of  the  Bulk  Brillouin 
zone.  Thjs  is  the.  case  because  the  L  point  in  the  bulk, 
(2fir/fl4.)(4,4,4),  is  the  sum  of  (2^/0/,  )(4,t,0)  and 
(2r/a^  )(d.0,4'),  and  the  bulk  point  )(0,'o,4)  corre¬ 


sponds  to  F =v0.0,0)  in  the  superlattice  Brillouin  zone  for 
A',-l-A%  even.,  In  the  thinnest  superlattices,  A'i=?l,  the 
Al,^Ga,_.<As  A’  point.  (2^/0^.  )(0,0,1),  is  reflected  in  the 
superlattice  conduction-band  minimum.  These 
conduction-band  minima  away  from  the  F  point  of  the 
superlattice  Brillouin  zone  have  severe  consequences  for 
the  optical  properties  of  small-period  GaAs.''Al(,.7Gao,vAs 
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superlattices:  the  superlattices  will  be  indirect-band-gap 
materials,  and  hence  will  be  poof  candidates  for  light- 
emitting  devices.  For  AV=1  in  Fig.  2,  the  band  gap  is 
direct  and  the  superlattice  conductitm-band  niihimum  is 
at  F,  although  this  minimum  is  derived  from  tiic  A"  point 
of  the  Al„  -Gao.  s.As  band  structure  and  so  one.  should  ex¬ 
pect  the  direct  transitions  associated  wjth  it  to  be  weaker 
than  those  associated  with  the  Ga.As  F  minimum  for 
A'l  >  S.-for  example. 

The  band  gap  is  somewhat  more  sensitive  to  chahges:of 
the  GaAs  layer  thickness  than  to  changes  in  the 
Al^Ga|_^.As  layer  thickness,  as  demonstrated  in  Fig.  3. 
This  sensitivity  of  the  superlattice  band  gap  to  the  GaAs 
layer  tliickness  is  important  for  the  physics  of  deep  levels 
in  superlattices  because,  as  we  shall  see  below,  the  deep 
level.,  have  energies  relative  to  the  GaAs  valence-.band 
maximum  that  vary  relatively  little  with  the  thickne.,s  of 
the  GaAs  layers.  Hence  a  deep  level  that  is  near  the 
conduction-band  edge  but  within  the  gap  in  a  GaAs 
quantum  well  can  be  “covered  up"  and  autoionized  by 
the  conduction-band  edge  when  the  GaAs  layer  thickness 
is  increased  and  the  conduction-band  edge  dc.scends  im 
energy,  while  the  deep  level  remains  at  a  relatively  con¬ 
stant  energy  iFig.  4».  Here  it  is  important’  to  remember 
that  we  use  the  new  definition  of  a  "deep"  level'^  as  one 
that  originates  from  the  perturbation  caused  by  the 
central-cell  potential.  (This  contrasts  with  the  old 
definition  as  a-'level  that  lies  within  the  band  gap  by  at 
least  0.1  eV.)  As  a  result  there  are  "deep  resonances" 
that  lie  in  the  conduction  band,  above  the  band  gap.  We 
shall  see  below  that  Si  in  GaAs.  although  producing  only 
shall,  w  levels  in  the  band  gap  of.  bulk  GaAs  (i.e.,  its  deep 
levels  are  all  resonances  that  lie  in  the  conduction  band) 
is  a  candidateTor  producing  a  deep  level  in  the  band  gap 
of  a  GaAs/.Al,Gai_.,As  superiattice,  in  the  Ga.As 
quantum-well  limit.  For  neutral  Si  this  level,  when  in  the 


18x18  2x34 


FIG.  1.  Illusiraiuig  the  ;i!autuni-woll  efreet  011  the  eai'  ‘SIJ  of  ait  .V,  •  .V,  n;i.As/.M.  -Ga,.  i.As  .Mipeilaitico:  (a' 
.V;  =  .V,  =  18  aiidMv  .V.  =2.  .\.  =  .34.  Tlio  h.niil  ulucs  ortho  .MiperlaiiKe  ;iio  deaoic.l  In  cli.iined  liiic.s.  I  vir  this  alloy  composition  the 
-siiperlattite  gap  is  indirect  lor  ...ise  'In.  with  the  coiuliiction-li.iiul  edge  .u  k  --  J.t,.//  m  ..  l.Oi.  .Note  the  broken  ciicrgv  scale.  The 
Zeio  of  energy  is  the  nileiicc-b.  id  nia.siiniini  0/  O'l/.lv. 
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FIG.  2.  Predicted  energies  (in  eV)  of  the  supcriuttiee 
conduetion*band  minima  anu  valence<band  ma.ximum  with 
respect  to  the  valence-band  ma.ximum  of  hulk  GaAs  for  a 
via.‘\s/AI,Gai_,,A!5  ((X)l]  superlattice  vs  reduced  layer 
thiekne,sses  .V|  and  .V.  for  various  .V, '<.V.  [OOt] 
GuAs/AI,Ga|  ,.As  superlatiiees,  with  .x=0.7  and  .V|-5-.Vj 
fi.xed  to  be  2^  The  calculations  are  ba.sed  oh  the  low- 
temperature  band  structures  of  GuAs  and  Al,i  7Gao,.iAs,  with 
hulk  band  gaps  of  1.5l  and  2.22  eV,  respectively.  The 
conduction-band  minimum  of  the  superlattice  is  at 
(2if/a/. )( T.  TiO)  for  the  triangular  points,  at  k=0  for  the  circles, 
and  at  (2n'/<(t)(l,0,0)  for  the  rectangle.  The  superlaitice 
valence-band  ma.ximum  is  at  k*0.  Note  the  broken  .scale  on 
the  ordinate.  The  positions  of  the  band  e.xtrema  of  bulk  GaAs 
at  r,  L,  and  ,V  are  shown  on  the  right  of  the  figure,  at  A'l  =  20. 
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fundamental  baitd  gap,  will  be  occupied  by  one  electron. 
When  the  GaAs  layer  thickness  increases,  this  level  is 
covered  up  by  the  falling  conduction-band  edge  and  be¬ 
comes  a  resonance.  The  electron  in  the  resonant  level  is 
autoionized  and  reia.xes  (e.g.,  by  phonon  emission)  to  the 
conduction-band  edge  where  it  is  a  shallow  donof  elec¬ 
tron,  donated  by  the  Si.  (In  the  pre.sent  theory,  which 
neglects  the  long-ranged  Coulomb  potential  of  the  donor, 
t.he  binding  energy  of  a  shallow  donor  is  zero;  in  a  more 
complete  theory,  the  Coulomb  potential  would  trap  this 
electron  at  zero  temperature  iri  a  hydrogehic  orbit.)  A 
gratifying  feature  of  the  band-gap  calculation  is  that  we 
obtain  for  iV|  =  .Vj  =  1  a  fundamental  gap  of  2. 1 1  eV  for  a 
GaAs/AlAs  superlattice,  in  good  agreement  with  the 
measured  value  of  Ref.  35. 

B.  Defect  levels 

The  substitutional  defect  energy  levels  for  •'•bonded 
impurities  can  be  evaluated  using  the  tec  niques  of  Hjal- 
marson  et  «/.,•“  as  de.seribed  above  for  superlattices. 
When  interpreting  the  predictions,  one  should  remember 
that  the  absolute  energy  levels  predicted  by  this  iheory 
have  a  theoretical  uncertainty  of  a,  few  tenths  of  an  eV. 
This  is,  of  course,  comparable  witli;  the  uncertainties  of 
the  other  sophisticated  theories  of  deep  levels  that  have 
been  presented  to  date.-''’  Nevertheless,  the  theoretical 
uncertainty  |s  a  significant  fraction  of  the  band-gap  ener¬ 


FIG.  3.  Predicted  fundamental  energy  band  gaps  at 
k=0  (circles)  and  k=(2n'/0i  Ky.y.O)  (triangles)  of  a 
(GaAs)v|<.Al,.Ga|.,.As),v,  superlattice  as  functions  of  reduced 

GaAs  layer  thickness  A'l  or  ALGai_,As  layer  thickness  iV,  for 
(a)  X  =0.3  and  (b)  x  =0.7.  Note  that  the  variation  of  the  gap 
with  decreasing  .V,  from,  say,  8  to  4,  is  less  than  the  variation 
associated  with  changing  iV,  from  8  to  4.  Note  also  that  the 
k=0  conduction-band  e.xtremum  of  the  superlattice  in  'bl  is  de- 
ri’ced  from  the  X  poin*  of  the  .AIo,-Gai)  ,As  band  structure  for 
<V|  <4  and  from  the  T  point  of  the  GaAs  band  structure  for 
iV,>4. 


gy,  and  so  one  must  not  use  the  theory  jn  a  futile  attempt 
to  predict  absolute  energy  levels  with  high  precision. 
Rather,  the  theory  .should  be  employed  to  understand  the 
chemical  trends  in  the  deep  energy  levels,  to  study  quali¬ 
tative  changes  in  level  structures  (such  as  a  deep  reso¬ 
nance  descending  into  the  fundamental  hand  gap--ihe 
shallow-deep  transition),  or  to  suggest  e.xperiments  for 
testing  hypothe.ses  about  impurity  states.  One  of  the 
reasons  that  the  Hjalmarson  model'"  has  been  so  success¬ 
ful  is  that  the  tight-binding  Hamiltonian'^  has  been  con¬ 
structed  with  manifest  chemical  trends  in  its  parameters, 
following  ideas  developed  originally  by  Harrison.  ''  Ear¬ 
lier  theories  sometimes  obtained  tight-binding  parameters 
by  performing  least-.squares  fits  to  the  band  structures  of 
the  semiconductors  being  studied.  Such  fits,  while  having 
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given  impressive  band  structufcs„often  lacked  the  essen* 
Stiai  chemistiA'  that  determines ^^eep  levels,  and;  as  a  re* 
suit,  thoK  theories  have  not  l^eii  as  successful'  as  the 
Hjalmarson  theory.  Indeed,  bKatise  the  Hamiltonian 
employed  in  the  Hjalmarson  theory  has  manifest  chemi¬ 
cal  trends  and  also  has  (by  construction)  the  correct  band 
gaps,  the  Hjalmarson  method  is  comparably  accurate 
with  far  more  cumbersome  pseudopotential  theories  of 
deep  levels. 

I.  Dependence  on  layer  thickness 

Figure  4  displays  the  dependence  on  GaAs  ’Mduced 
layerthicknes^iVi  of  the  deep  Ga-site  A  j  levei  pf  a  Si  im¬ 
purity-''  hi  the  middle  of  a  GaAs  layer  in  a 
GaAs/Al^  ^Gao.jAs  superlattice.  As  the  size,  A’'.,,  of  the 
GaAs  layer  shrinks,  tht  deep  levels  remain  relatwely  con¬ 
stant  in  energy  with  respect  to  the  GaAs  vr'i'ence-band 
maximum,  while  the  conduction-band  edge  of  the  super¬ 
lattice  increases  in  energy— progressively  uncovering  the 
once-resonant  deep  level  of  Si  and  cony^ting  this  shallow 
donor  impurity  Jnto  a  deep  trap.-"*  This  shallow-deep 
transition  as  a^function  of  GaAs  well  size  tV|.  to  our 
knowledge,  has  ihot  been  anticipated  in  the  literature — 
and  has  consequences  for  GaAs/Al.,Ga|_^.As  superlat¬ 
tice  arid  quantun-well  devices,  because  it  implies  that  the 
most  cbm’.’non^.dcjR.ant,  Si,  may  become  a  deep  electron 
trap  rathgr^t'han  a  shallow  dotior  in  GaAs. 

Also  note  (Fig.  4)  that  when  Si  in  a  GaAs  quantum 
well  becomes  a  deep  impurity  with  its  deep  level  in  the 
fundamental  gap  of  the  superlattice,  this  level  (with 
respect  to  the  Ga.\s  valence-band  maximum)  generally 
lies  at  a  higher  energy  than  the  bulk  GaAs  b..nd  gap,  at 
lower  energy  than  the  Si  deep  level  in  an  Al.,Ga,__^As 
layer,  and  below  the  superlattice  and  bulk  Al,vGa|„^As 
alloy  conduction-band  edges.  Because  Si  in  an 
Al,,Gai_.,As  layer  lies  at  higher  energy  than  Si  in  a 
GaAs  layer,  it  is  possible  to  move  the  conduction-band 
edge  up  by  reducing  the  width  of  the  GaAs  layers  and  to 
achieve  a  situation  such  that  Si  in  a  GaAs  layer  is  a  deep 
level,  but  that  Si  in  an  Al^Ga|_;^.As  layer  is  a  shallow 
donor  with  respect  to  the  superlattice  (but  not  with 
respect  to  bulk  AlvGai_.^As)  because  its  deep  level  lies 
above  the  superlattice  conduction-band  edge,  but  below 
the  bulk  Al.(Gai_.,As  conduction-band  edge.  In  the 
more  common  case  for  very  thin  GaAs  layers,  Sj  in  both 
Ga.As  and  Al^Gui.  jAs  layers  will  produce  deep  levels 
below  the  superlattice  conduction-band  edg.;  that  i&, 
since  the  superlattice  band  edge  lies  below  the 
Al^Gai_^As  band  edge,  for  Si  to  be  deep  in  a  thiniGaAs 
layer  requires  Si  to  be  a  deep  level  in  bulk  Al.vGa|_,As 
as  well.  Because  of  this  requirement,  and  the  fact  that  Si 
.successfully  modulation-dopes  GaAs/.M^Ga|_  4As  su- 
perlatiices  for  .v  <0.3  (suggesting  that  Si  is  a  .shallow 
donor  in.  for  example.  .Al,.  ;Ga„  ...As),  we  doubt  that  the 
shallow  deep  transition  as  a  function  of  .V,  will  be  oh- 
.servable  in  GaAs/.AI^Ga|  ,.As  for  .v  ^0.2.  For  .v  ->0.3. 
however.  Si  in  bulk  .Al.Ga.  ^.As  is  almost  certainly  a 
deep  level, modulation  doping  with  Si  in 
GaAs/.Al^Ga,  ,.As  superiaitices  should  require  thermal 
activation  or  tunneling  (presumably  because  Si  in  an 


Al,Gai.j,As  layer  is  a  deep  iinpurity.  not  a  shallow 
donor.',  and  the  predicted  shallow-deep  transition  for  Si 
in  a  GaAs  layer  as  a  function  of  GaAs  layer,  thickness 
should  occur. 

Because  of  uncertainties  in  the  the'Ty,  we  cannot  esti¬ 
mate  with  precision  the  layer  thickness  .V,  at  which  the 
Si-level  i'l  GaAs  should  undergo, the  shallow-deep  transi¬ 
tion.  Based  on  the  generid  .structure  of  the  curves  of  Fig. 
4,  it  probably  occurs  for  .V,  ^  6  and  a-GaAs  layer  thick¬ 
ness  of  orcler  ^  17  A  or  less. 

A.similar  analysis  can  be  made  cif  the  behavior  of  other 


Si..  Deep-shallow  tronsitisn 
in  N;xiO  GoAs/AIq^GOq  jAs  superlottiee 


FIG.  4.  Illustrating  the  deep-io-shallow  transition  as  u  func¬ 
tion  of  GaAs  layer  thickness  in  a  GaAs/.Al,Gai.,.As 
,.V|XlO  .superlattice  (SL)  with  x=0.7  for  a  Si  impurity  on  a 
.column-ill  site  in>the  center  of  a  Ga.As  layer  of  the  superlattice, 
host.  The  conduction-band  minimum  (CBM'  and  valence-band 
maximum  (VBM)  are  indicated  by  light  .solid-lines.  The  Si  deep 
level  is  denoted  by  a  heavy  line,  which  is  solid  when  the  level  is 
in  the  gap  but  dashed  when  the  level  i.s  res"nani  with  the  con¬ 
duction  band.  The  deep  level  in  the  -nu  gap  for  .V|<6  is 
covered  up  by  the  conduction  band  as  a  'esult  of  changes  in  the 
host  for  ;Y|>6.  The  impurity’s  deep  level,  lies  in  the  gap  for 
A’l  <6  and  is  occupied  by  the  e.sira  Si  electron:  the ‘Si.  in  this 
case,  is  thus  a  "deep  impurity."  For  .Vj  >6  the. deep  level  lies 
above  the  conduction-band  edge  as  a  resonance.  The  daughter 
electron  from  the  Si  impurity  which  was  destined  for  this  deep 
level  is  autoionized,  spills  out  oi  the  deep  re.sonaiice.leyel,  and 
falls  to  the  conduction-band  edge  (light  solid  line  w’le^e  it  is 
subsequently  bound  (at  low  temperature'  in  a  shallow  leve  asso¬ 
ciated  with  the  long-ranged  Couh'inb  potential  o:‘  the  doii  ir  (in¬ 
dicated  by  the  siiort-oushed  line).  It  is  importaiu  to  realize.tha; 
both  the  deep  level  and  the  shall.nvdevels  coe.sist  and  are  dis¬ 
tinct  levels  with  qualitatively  ditVerent  wave  function'.  The  is¬ 
sue  of  v\ helher  an  impiiriiy  is  "deep"  oi  "sliallovv "  is  determined 
by  wheil  er  or  not  a  deep  level  asM'eiatid  witji  ihe  inipiiriiy  lies 
!  the  band  gap.  The  computed  deep-'.hallow  iransitn'ii  occurs 
r.»r  V  ..  0  layers.  While  !..•>  .•iiahiative  ph\vo-'  i-  completely  re¬ 
liable.  It  is  possible  that  (he  traasitioii  laye-  ihi.kiiess  m.sy  diiier 
somewhat  from  .Y,  =0  in  le.il  stipet lattices.  Ihe  predieteil  t'lti- 
0‘inienial  band  gap  of  the  sitperlatttce  is  iiulirect  fo'  1  <  .\ .  „  8. 
■All  energies  are  with  respect  to  the  valei'cv -band  ntii.xmitim  of 
GaAs. 
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impurities,'*  for  example,  N  in  GaAs.  Nitrogen  has  a 
-resonant  state  in  the  conduction  band  of  GaAs.  We  have 
predicted  that  this  resonant  state^can  be  driven  out  of  the 
conduction  band  into  the  band  gap  by  hydrostatic  pres¬ 
sure,'*"  an  effect  that  has  been  observed  by  Wolford' 
c't  a/.'*'  and  Zhao  ut  al.*'  Here  we  predict  that  N  in 
GaAs  layers  of  a  Ga.\s/Alo  7G%jiAs  superlattice  wilj 
have  an  impurity  state  in  the  band^gap  if  the  thickness  of 
the  GaAs  layers  is  thin  enough,  f6re.xample.  <48  A  or 
17  molecular  layers. 

2.  As  vacancy  levels 

Figure  5  displays  the  Jeep  energy  levels  in  the  band 
gap  of  an  .As  vacancy  in  an  iV,  =!,V2  =  10 
GaAs/Aio,7Gao.3.\s  supeflattice,  as  a  functior.tof  j3,  the  z 
component  of  the  position  of  the  vacancy  in  the  su- 
perhelix  or  superslab.  A  vacancy  is  simulated  here  by  let¬ 
ting  the  defect-potential  ciements  V,  and  at  the  vacan¬ 
cy  site  approach  infinity,  making  the  defect  into  an 
“atom”  with  infinite  orbital  energies,  and  thereby  decou¬ 
pling  it  from  the  host  by  virtue  of  the  fact  that  all  energy 
denominators. :n  a  perturbation^expansion^are  iniinite.:^^ 
Several  features  of  the  results  in  Fig.  5  are  worth  noting: 
The  valertce-band  maximum  of  the  superlattice  splits, 
with  thep.-like  edge  moving  to  lower  energy,  owing  to  its 
lighter  effective  mass.  Near  an  interface  03^0,  20,  or  40) 
the  p-like  Ti  bulk  As  vacancy  level  splits  into  three  lev¬ 


els,  a|,  h|,  and  h^.  For  any  point  defect,  otie  of  the  or 
bi  levels  c  jrrcsponds  to  a  p-like  level  with  its  orbital 
composed  of  hybrids  directed  toward  the  GaAs  layer  and 
has  an  energy  almost  the  same.as  the  bulk  GaAs  T,  level; 
the  other  is  composed  of  hybrids  directed  toward  the 
Al^Ga|_jAs  and  is  virtually  an  Al,Ga|_,As  T;  level. 
The  6.  and  levels  reverse  ordering  from  /j=0  to  ^=20 
(because  of  the  defined  orientation  of  the  x  and  y  axes), 
and  Cl  lies  between  them  in  most  cases  such  that  the 
splitting  of  the  host  v;:  ence-band  edge  can  be  neglected. 
The  splittings  between  the  ft  |  and  b,  levels  at  the  inter¬ 
face  are  small,  of  order  0.1  eV,  at>d  become  negligible 
when  the  vacancy  is  more  than  three  or  so  atomic  layers 
from  the  interface  (a  fact  noted  first  for  deep  levels  near 
surfaces  by  Daw  and  Smith''*).  The  splitting  between  the 
a  I  level  and  the  b^  and  h,  levels  is  comparably  small,  but 
may  not  vanish  even,  if  the  defect  is  distant  from  the  in¬ 
terface,  as  a  result  of  the  splitting  of  the  valence-band 
edge  in  the  supc.iattice  and  the  resulting  changes  of  the 
host  spectral  density. 

The  energy  of  a  deep  level  is  determined  by  a  balance 
between  the  conduction-band  states,  which  push  the  level 
down  in  eneny,  and.the  valence-band.states,  which  repel 
it. upward.  Since  the  GaAs  valence-band  maximum  is  al¬ 
most  at  the  same  energy  as  the  valence-band  maximum' 
for  the  lOX  10  Ga.As/.Aki  -Gao.yAs  superlattice,  the  con¬ 
duction  band  has  the  primary  influence  on  the  change  9f 
the  energies  of  the  As-vacancy  deep  level  from  bulk 
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FIG.  5.  Predicted  energy  levels  of  an  As  vacancy  in  a  (GaAs)i(/(Al,,,;Oa,,..iAs),„  superlattice,  as  a  function  of  /?.  the  position  of  the 
vacancy  (even  values  .>f />'  correspond  to  As  sites).  Note  the  splitting  of  the  r<  levels  at  .ind  near  the  interfaces  20.  and  40).  and 
that  the  r;-deri'  td  vacancy  levels  lie  at  higher  energy  in  an  Al,,  -Ga,,  lAs  layer  than  in  a  GaAs  layer.  The  /),  and  A.  ordering  changes 
at  successive  interfaces.  Tlie  zero  of  energy  is  the  valence-band  maximum  of  bulk  GaAs.  and  the  corresponding  valence-band  (VDMi 
and  condnetion-band  ICD.M)  edges  and  deep  levels  in  bulk  GaA^and  bulk  Al„  -Ga,,  ,As  are  given  to  the  left  and  right  of  the  central 
figure,  respectively.  The  top  of  me  central  figure  is  the  conduction-band  edge  of  the  superlattice,  and  the  bottom  corresponds  to  the 
split  valence  band  in  the  superlattice— the  valence-band  maximum  of  the  superlattice  being  of /i,  or  .symmetry  t  and  the 
split-olf  (1.  <p;i  band  mavinuim  lying  0.()t)2  eV  lower  in  energy.  The  .1,  level  in  the  .\l,Ga|  .,As  layer  of  the  superlattice  is  lower 
than  the  corresponding  level  in  the  GaAs  layer  because  of  the  band  offset  of  ()..^.U  eV.  The  electron  (hole)  occupancies  of  the  deep 
levels  in  bulk  Ga.As  and  bulk  .Al,  -Ga,,  ,.As  are  denoted  by  solid  circ  .‘s  (open  trianglesi. 
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GaAs  to  a  GaAs  layer  in  the  superlattice,  and  the  levels 
move  up  in  energy  because  the  conduction>band 
minimum  does.  In  going  from  an  Aio,TGao..iAs  layer  in 
the  superlattice  to  bulk  AI(,.7Gao.jiAs,  the  levels  move 
down  in  energy,  because  the  valence-band  maximum 
moves  down.  (The  valence-band  maximum  is  T^-like.) 
The  Ty  As  vacancy  levels  lie  at  somewhat  higher  energy 
in  an  AI.,Ga|_.,As  layer  than  in  a  GaAs  layer,  owing  tO' 
the  fact  that  Al  is  more  electropositive  than  Ga.  The  A  | 
bulk  As-vacancy  level  in  AI,^Ga|_^As  is  .slightly  shifted 
at  the  interface,  and  is  at  lower  energy  in  an  AI,vGa|_^As 
layer  than  in  a  GaAs  layer  because  the  band  o^set  causes 
the  nearnt  A  |  states  in  the  valence  band  to  lie  at  lower 
energy  ths..  in  the  superlattice.  The  T,  level  in  GaAs 
(AI^Ga|_  ,.^s)  is  both  split  in  the  '•uperlattice  and,  on  the 
average,  Js  shifted  up  (down)  in  energy  at  the  interface. 
Because  of  the  band  offset,  the  .•! ,  level  for  the  As  vacan¬ 
cy  in  GaAs  (AI.,Ga,_^As)  moves  down  (up)  at  the  inter- 
face.  Still  another  effect  does  influence  the  relative  order¬ 
ing  of  the  a,,  bf,  and  bj  levels:  As  the  impurity  ap¬ 
proaches  the  interface  in  GaAs  (but  not  in  AI^Gui.^As) 
its  wave  function  suffers  quantum  confinement  and  its  en¬ 
ergy  levels  shift — and  the  shifts  for  b|  and  levels  are 
generally  different  from  those  for  O)  levels  because  the  C| 
valence-band  edge  in  the  lOX  10  superlattice  lies  lower  by 


0.062  cV  than  the  b|  and  b.  edges.  The  conduction-band 
{Ttinimum  in  the  lOx  10  superlattice  has  .s  .symmetry  and 
doesnot  split. 

For  the  neutral  vacancy,  the  /I, -derived  deep  level  is 
filled  by  two  electrons,  and  one  electron  occupies  the 
lowest  of  the  Tj-derived  .states. 

Similar  behavior  to  that  found  for  the  As-vacanev  lev- 
el.s  is  to  be  expected  for  all  jip- -bonded  deep  impurity  lev¬ 
els  in  GaAs/Al,Ga|_  ,As  .superlattices,  although  the  is¬ 
sue  of  whether  a  specific  deep  level  lies  in  the  fundamen¬ 
tal  band  gap  or  not  depends  on  the  defect  potentiai  for 
that  impurity  aiid  on  .V,,  iVi,  and .v. 

J.  Cation-vacancy  levels 

The  .*1 1  bulk  levels  for  a  Ga  vacancy  in  Ga.As  and  for  a 
cation  vacancy  in  Al^Gai_,.\s  all  lie  very  deep  in  the 
host;  valence  bands  and  arc  hot  near  the  fundamental 
band  gap,  either  in  the  bulk  or  at  an  interface  of  a 
Ga.As/Af^Ga,_jAs  superlattice. 

The  Tj-derived  cation-vacancy  levels  produce  deep 
levels  near  the  valence-band  maxima  of  bulk  GaAs,  bull 
Al,Ga|_  j.A, and  the  superlattice  (see  Fig.  6).  In  the 
Hjalmarson-type  theory,  the  uncertainty  in  the  predic¬ 
tions  of  absolute  energies  is  typically  a  few  tenths  of  an 
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FIG.  6.  Predicted  Tyderived  vacancy  levels  of  a  cation  vacancy  in  a  (Ga.\si!.y(AI„  -Ga,  sAsh,,  superlattice.  as  a  function  of  site 
inde.N  0,  the  position  of  the  vaeanev.  The  zero  of  energy  is  the  valence-band  edge  of  bulk  Ga.\s.  and  the  corresponding  valence-  and 
conduction-band  edges  and  deep  levels  in  bulk  GaAs  and  bulk  Al,  -Ga,,  s.As  are  given  to  the  left  and  right  of  the  central  ligiire.  re¬ 
spectively.  The  top  of  the  central  figure  is  the  conduction-band  edge  of  the  '■uperlattice.  and  the  two  bottom  lines  correspond  to  the 
/'  -  and  b;-symmetric  [i/;, ;  p  '-like)  valence-band  mavima  and  the  split  a,  'p.-likc  edge  below  it.  Ki.vtrons  ii-.vu:\vi::g  the  bulk  lev¬ 
els  are  denoted  by  solid  circles.  Holes  are  denoted  by  op  'ii  triangles.  When,  as  in  bulk  GaAs.  the  holes  are  miii;>  in  levels  /v/oic 
the  vakiicv-baiid  maximtiin.  they  bubble  up  to  the  valence-band  lua.viinum  where  the  long-ranged  Coulomb  poteni..tl  c;m  trap  them 
into  shallow  acceptor  levels  inot  shown).  Tiie  caliiM  vac.iucy  m  bulk  GaAs  and  m  an  Al.,  -Ga  As  layer  m  the  supei  lattice  is  predict¬ 
ed  to  be  a  triple  shallow  acceptor,  providing  three  such  holes  to  the  valence  band.  In  bulk  .Al.-Ga.  ..-Xs  and  in  a  Ua.-\s  layer  of  the 
superlattice.  neutral  cation  vacancies  are  predicted  to  produce  deep  traps  for  either  electrons  or  holes.  In  the  superlattice.  the 
lowest  •energy  level  is  often  oft;  symmetry,  and  the  highest  is  typically  either  of/)  or  />_  symmetry,  but  exceptions  to  this  rule  dv' 
occur,  as  indicated  on  the  figure. 
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eV  and  tends  to  be  somewhat  larger  for  the  7’.  levels  than 
for  t!'-  i'l  levels.  Therefore.,  in  <vhat  follows,  the  reader 
should  not  interpret  (mr  predietidhs  for  the  cation  vacan* 
ey  ttx)  li’erally  or  to.)  quantitatively.  Rather,  the  predic¬ 
tions  illustrate  the  very  interesting  properties  of  a  cation- 
site  deep  r.  level  that  lies  near  but  below  the  valence- 
band'mu.ximiim  of  GaAs.  Since  this  defect  never  lies  at 
the  interface  (which,  by  definition  in  a 
GaAs/.\l^Gai_,.As  superlattice,  is  at  an  As  layer),  its 
level  splittings  are  .smaller  ( <0.05  eV)  than  the  interfacial 
anion  vacancy's  splittings.  In  bulk  Ga.As,  the  7',-  cation- 
vacancy  level  is  predicted*”''*"  to  lie  =0.03  eV  below  the 
valence-band  ma.ximum.  In  bulk  AI„  7Ga(,  j.As.  the  pre¬ 
dicted  vacancy  level  is  in  the  gap,  O.Il  eV  above  the 
Al,).;Gao.jAs  valence-band  ma.ximum.  *.  Near  a 
GaAs/Al,Gai__jAs  interface,  the  cation-vacancy  lev¬ 
el  splits  into  a|,  b^,  and  sublevels.  For  .vs:0.7  some 
or  all  of  these  sublevels  may  lie  in  the  gap  of  the  superlat¬ 
tice. 

If  the  predictions  are  taken  literally,  then  near  the  in¬ 
terface  the  cation  vacancy  produces  a  very  interesting 
level  structure,  depending  on  the  site  of  the  vacancy.  To 
begin  with,  in  a  GaAs  layer  the  h|  and  hi  vacancy  levels, 
lie  in  thi*  gap  of  the  superlattice,  but  in  an  Alo,7Gao.jAs 
layer  the  vacancy  levels  are  resonant  with  the  valence 
band.  This  is  due  mainly  to  the  band  offset  and  the  fact 
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that,  roughly  speaking,  the  deep  levels  do  not  move 
(much),  whereas  the  valence-band  edges  do,  as  one  goes 
from  bulk  GaAs  to  the  superlattice  to  bulk  Alo.-Ga,,  s.As. 
The  b.  and  hi  levels  in  a  GaAs  layer  lie  typically  =6.03 
eV  above  the  Uj  level,  when  we  might  have  e.xpected  the 
a  I  level  to  lie  between  them.  This  e.xpectation  is  not  met 
because  the  Ti  levels  are  near  the  valence-band  ma.x¬ 
imum  and,  in  the  superlattice,  the  Fi-iike  valence-band 
ma.ximum  is  split  into  and  h,  and  hi  edges.  Hence 
the  0)  valence-band  edge  has  a  stronger  quantum-well- 
confinement  effect:  the  band  edge  for  a,  (p.-like)  states 
lies  0.062  eV  below  the  edge  for  b,  and  hi  states.  The  a, 
defect  states  lie,  lower  because  the  valcnce-band  states 
that  repel  them  are  at  lower  energy  in  the  superiattice. 
The  largest  splitting  between  b,  and  hi  states  is  of  order 
=0.02  eV,  much  .smaller  than  the  (  =0.  l-0.2)-eV  split¬ 
tings  deduced  from  the  anion  vacancy — because  the  cat¬ 
ion  vacancy  always  lies  at  least^one  layer  from  an  inter¬ 
face.  In  particular,  the  p.-like  a,  level  decreases  in  ener¬ 
gy  as  the  vacancy  moves  from  the  center  of  the  GaAs  lay¬ 
er  toward  the  interface.  The  initial  decrease  is  due  to 
quantum-well  confinement,  and  begins  when  the  vacancy 
wave  function  significantly  overlaps  the  Alo.TGao.jAs. 
However,  as  the  vacancy  becomes  quite  close  to  the  inter¬ 
face,  its  wave  function  penetrates  .thoroughly  into  the 
Alo.7Gao..)As  layer  and  feels  the  electropositivity  of  the 
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A, -derived  a,  deep  levels  in 
10x10  GqAs/AIq jAs  superlottice 


FIG.  7.  Predicted  energies  of  1 1 -derived  .v-like  Uj  deep  levels  of  the  indicated  defects  (Ref.  47)  for  a  GaAs/AI„  ;Ga„  .;As  superlat¬ 
tice  with  .V)  =  10  Ga.As  Iayer:-.and  .V.=r  10  Al,i,:Ga,i  ;.As  layers  in  its  unit  supercell.  The  dashed  lines  denote  the  predictions  for  de¬ 
fects  at  or  near  a  GaAs/Al,  -Gim  -..As  interface:  in  the  /i=0  layer  for  the  interface,  levels  for  As-site  defects  (upper  left-hand  corner), 
and.  in  the  P  =1  and  /3= 2 1  layers  adj ;tent  to  interface  layers,  for  Ga-site  defects  tin  Ga.As)  and  cation-site  defects  in  Al,,  -Ga.,  .^As,  re¬ 
spectively  (lower  right-hand  cornei't  The  solid  lines  denote  the  same  levels  for  defects  at  or  near  the  center  of  GaAs  and  .Al,,  -Ga,,  .s.As 
layers,  respectively.  In  viewing  this  figure,  remember  that  the  theory  is  not  precise,  but  that  the  general  shape  of  the  figure  is  reliable. 
The  zero  of  energy  is  ti’.e  valence-band  ina.sinium  oj  inilk  Ga.U.  Tise  valence-  and  conduction-band  edges  of  the  superlattice  are 
denoted  vn.\l‘Sl.'  a*;.'!  CD.MiSL'.  rospeciivelv. 
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Al.  If  the  valence-band  offset  were  smaller,  say  0.2  eV, 
then  this  effect  would  cause  the  level  to  increase  in  energy 
near  the  interface. 

The  neutral  Ga  vacancy  in  the  bulk  of  GaAs  (assuming 
its  deep  level  lies  in  the  valence  band)  is  a  triple  acceptor 
(Fig.  6).  (A  Ga  vacancy  is  created  by  adding  three 
holes — to  remove  the  three  Ga  electrons — and  letting 
the  defect  potential  become  infinite.'*')  Consider  this  va¬ 
cancy  at  the  ncar-interfacial  site  ^=1  in  a  GaAs  layer  of 
the  superlattice;  its  levels,  in  order  of  decreasing  energy, 
are  b;,  b|,  and  C).  In  all  of  the  cases  of  Fig.  6,  the  cation 
vacancy  is  either  a  triple  shallow  acceptor  or  a  deep  trap 
for  both  an  electron  and  a  hole,  having  at  least  one^par- 
tially  filled  deep  level  in  the  gap.  If  it  were  the  case  that  a 
cation  vacancy  near  an  interface  had  only  one  of  its  sub- 
levels  in  the  gap  :.:id  two  sublevels  resonant  with  the 
valence  band  of  the  superlattice,  then  the  vacancy  would 
be  a  single  acceptor,  because  only  three  electrons  are 
available  for  four  spin  orbitals;  the  hole  in  the  fourth 
spin  orbital  would  “bubble  up"  to  the  valence-band  max¬ 
imum.  Relatively  small  amounts  of  lattice  relaxation  or 
charge-state  splittings  of  the  defect  levels  could  aiter  the 


predictions.  Nevertheless,  ynt  think  that  studies  of  the 
character  of  the  Ga-v^acancy  wave  function  in 
GaAs/Al.tGa|_^As  superlattices  are  warranted— and 
could  possibly  reveal  this  shallow-deep  transition  in  the 
character  of  the  cation  vacancy. 

4.  Deep  levels  of  sp^-bonded  impuriiies 

The  predicted  deep  energy  levels  of  substitutional  s/>'- 
bonded  impurities  in  a  GaAs/AI,,  iGao.xAs.  superlattice 
are  given  in  ;F^gs.  7  and  8  for  a  superlattice  with 
A'l  =A'2  =  10. •''•■*'  The.se  levels’  energies  £  are  obtained 
by  .solving  the  .secular  cquatjon  (i7)  with  Hjalmarson's 
defect  potential  F  slightly  modified.  ''  Ih  these  figures  we 
display  results  for  impurities  at  or  near  a 
Ga.As/Alo  jGao  jAs  interface  and  near  the  center  of  the 
Ga.As  and  AIq  7Gao,;,.As  layers. 

For  the  /f,-  or  s-like  a,  levels  on  the  As  site  (Fig.  7), 
most  interfacial  impurities  have  energy  levels  roughly 
midway  between  the  levels  f'-  impurities  near  the  center 
of  the  GaAs  and  the  Al^Ga,_  ^.As  layers.  There  are  two 
types  of  cation  sites:  Ga  tin  GaAs)  and  Al.^Gaj.^  (in 


Tg-derived  a,,b,.ond  deep  levels  in 
10x10  GoAs/AIq  .^Ga^  jAs  superlattice 


FIG.  8.  The  predicted  Tyderived  deep  levels  for  the  indicated  defects  (Ref.  47)  in  a  (GaAs)|i/Al,. -Gag  jAtbu  superlattice.  For 
As-.site  defects  (lower  right-hand  corner)  the  two  solid  lines  correspond  to  Fj-derived  b|  levels  iwhicii  u*-e  almost  degenerate  with  />> 
levels'  in  the  center  of  GaAs  and  .M,,  -Ga,.  -.As  layers.  The  corresponding  '/'yderived  0|  levels  lie  .sliglith  \of  order  0.01  eV)  below  the 
by  and  b-  levels  and  are  not  .shi>"n.  The  dashed  line  is  an  interfacial  /?=('« i  level.  The  coi  respv."ding  />;  level  m  shown)  i.s  nearly 
degenerate  with  it,  and  the  b-  level  mo!  ^^•ownl  is  above  it  of  order  0.01  eV.  For  cation-site  defec:>  iiipper  left-haiu  cor“'‘rt.  the  solid 
lines  correspond  to  7‘<-de!  ived  by  leveN  which  are  almost  degenerate  with  )•;  and  «|  1.  els  not  sliowni.  The  d.ished  Intes  correspond 
to  interfaeial  levels  for  site  p-  1*)  'in  Ga.Asi  of  b;  .symmetry  and  for  site  /7=21  of  b.  symmetry.  The  P-  l‘i  uy  and  leve!"  a.'c  al¬ 
most  degenerate  with  the  levels  of  defects  in  the  center  of  Ga.As  and  a'e  not  shown.  Similarly,  the  P=ll  '.Al,  -Ga..  »As'  u  and  b- 
(which  are  polarized  perpendicidar  to  the  interface)  interfaeial  levels  arc  not  shown.  Near  the  P=0  interface,  the  b.  and  b;  levels  are 
interchanged.  Simply  stated,  the  levels  />•  or  b;  are  split  off  from  the  bulk  7‘;  energy  'in  the  material  occupied  by  the  defect),  and  the 
remaining  two  levels  'almost'  are  at  the  7';  bulk  energy.  The  zero  of  energy  is  the  valence-band  niaMmum  of  liilk  Gti.-K  Tlte 
valence-  and  conduction-band  edges  of  the  superlattice  ate  denoted  VHMtSL-  and  CBMISL'.  respectively. 
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Alj^Ga)  fAs);  the  cution<site  defects  near  the 
GaAs/AI,Ga-  .,As  interface  have  nearly  the  same  deep 
levels  as  def-.ts  at  the  center  of  the  layers— because 
those  defects  ire  at  least  one  layer  distant  from<the  inter* 
face  (which  cfinctdes  with  an  As  layer),  and  hence  are 
only  weakly  perturbed  by.  the  atoms  on  the  other  side  of 
theinterface. 

The  Tj-derived  levels  in  (he  GaAs  layer  (Fig.  8)  are 
split  when  they  lie  near  or  at  the  interface.  These  are 
dangling*bond*p-like  levels,  and  the  p  orbitals  composed 
of  hybrids  oriented  most  toward  the  interface  are  split 
most  [6 1  or  (px  +p^.)*like  and  Oi  or  p.-like  on  the  Ga  site; 
b,  or  (p,  — Py  )-like  and  a\  at  the  As  site],  whereas  the  or¬ 
bital  directed  away  from  the  interface  is  least  perturbed 
and  normally  has  a  level  closest  to  that  of  the  hulk  Ti 
level!  The  same  physics  hold  for  defects  in  the 
AI^Ga|_,,As  layer.  (Fig.  8),  but  the  signs  of  the  splittings 
and  the  orderings  of  b^,a^,  and  levels  are  normally  re¬ 
versed. 

In  general,  three  factors  influence  the  relative  positions 
of  deep  levels  in  GaAs  and  AljGa|_,As  layers,  (i)  The 
more  electropositive  character  of  Al  with  respect  to  Ga 
pushes  levels  up  in  energy,  so  that  the  same  defect  has  a 
tendency  to  e.thibit  higher-energy  deep  levels  in 
Al(Gai_,As  than  in  GaAs.  (See  the  Tj-derived  As- 
vacahey  levels  in  Fig.  5.)  (ii)  However,  the  Al  also  widens 
the  band  gap,  causing  a  band  otlset,  and  rearranging  the 
spectral  distribution  of  host  states  somewhat  (differently 
for  the  bi  and  b^  states  than  for  the  O)  states)— which 
often  has  the  opposite  effect  on  those  impurity  levels 
most  affected  by  the  host  states  near  tl.c  valence-band 
ma.ximum.  (See  the  /I, -derived  As-vacancy  levels  in  Fig. 
5.)  (iii)  In  addition  to  the  electropositivity  and  band- 
gap-widening  effects,  there  is  a  quantum-well- 
conffnement  effect.  Impurities  in  GaAs  close  enough  to 
an  Al_,Gai_.,As  layer  that  their  wave  functions  overlap 
the  Al.,Gai_^As  barrier  will  e.xperisnce  level  shifts  due 
to  confinement  (that  depend  on  the  symmetry  of  the  lev¬ 
el).  States  near  and  above  the  conduction-band  minimum 
with  considerable  conduction-band  character  are  e.xpect- 
ed  to  move  up  in  energy  and  vaicnee-band  states  should 
move  down  due  to  confinement  (see  Fig.  6).  The 
confinement  effects  should  be  more  severe  for  a\  states 
than  for  6|  or  6,  states,  due  to  the  fact  that  their  wave 
functions  are  polarized  in  the  superlattice  growth  direc¬ 
tion. 

5.  Dependence  on  alloy  composition 

In  Fig.  9  we  show  our  predictions  for  the  .-f)- 
symmetric  deep  level  of  cation-site  Si  (Ref.  31 1  in  bulk 
Al^Gai..,As  as  a  function  of  .v.  which  are  Nimilar  to 
those  first  obtained  by  lljahnarson.'"' 

Figure  10,  in  comparison  with  Fig.  illustrates  that  a 
Si  impurity  in  a  GaAs/Al,Gu|„^.\s  superlattice 
with  A'l  =;V2  ma;.  i<'tt  produce  a  deep  level  in  the  super¬ 
lattice  band  gap,  although  the  same  impurity  in  the 
alloy  obtained  by  disordering  the  superlattice, 
.•M. ^,.,Gal_,,/2,As.  does  produce  a  deep  level  in  the  gap 
of  the  alloy.  To  see  this,  consider  .v  -0.5,  for  which  the 
Si  theoretical  leve'  does  not  lie  in  the  gap  of  tne  2  •  2 
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FIG.  9.  Chemical  treads  with  alloy  composition  x  in  the  en¬ 
ergies  (in  eV)  of  prineipal  conduction-band  edges  f,  L,  and  X, 
and  the  valence-band  maximum  of  the  alloy  with  respect  to  the 
valence-band  maximum  of  GaAs,  in  the  alloy  Al,Ga|_,As,  as 
deduced  from  the  Vogl  model  (Ref.  25).  Also  shown  is  the  pre¬ 
dicted  energy  of  the  -symmetric  cation-site  deep  level  of  Si 
(heavy  line;,  similar  to  the  predictions  of  Hjulmurson  (Refs.  31 
and  48).  The  Vogl  model  is  known  to  obtain  very  little  band 
bending.  .Moreover,  the  L  minimum  for.v  =,0.45  is  known  to  be 
at  a  bit  too  low  an  energy  in  this  model.  When  the  deep  level  of 
neutral  Si  lies  below  the  conduction-bund  ininimum,  it  is  occu¬ 
pied  by  one  electron  (solid  circle)  and  one  hole  (open  triangle). 
When  this  level  is  resonant  with  the  conduction  bund,  the  elec¬ 
tron  spills  out  and  falls  (wuvy  line)  to  the  conduction-band 
minimum,  where  it  is  trapped  (at  zero  temperature)  in  a  shallow 
donor  level  (not  shown). 

GaAs/Al.,Gaj_,,  As  supcriattice.  For  x  =0.25  the  Si  lev¬ 
el  is  in  the  gap  of  the  alloy,  however. 

This  situation  is  much  more  common  in  larger-period 
superlattices.  '•*  where  the  band  edge  of  the  superlattice  is 
almost  the  band  gap  of  the  small-band-gap  material 
(GaAs)  (see  Fig.  1).  To  a  good  appro.ximation,  if  an  im- 


FIG.  10.  Chemical  trends  with  alloy  composition  .v  in  the  en¬ 
ergies  (in  eV)  of  principal  conduction-  and  salence-baiid  e.xire- 
nia  of  a  >GaAsi;/iAl,Giii  .superlattice,  with  respect  to 
(he  valence-biuid  maximum  ofGoAs.  Compare  with  Fie.  9  for 
the  alloy.  The  superlattice  wave  vectors  of  the  min.ma  are 
k=0.  k='2-.  a,  i<  r. ;.()!.  which  has  states  derived  from  the  L 
point  of  the  buK  Hrillouin  /one.  and  the  pi'inis  dense  J  from  the 
bulk  .V  point;  ‘2.T  ill  ’(('.().•. V  — ,V. I  ’).  which  is.,>j_,-!!ke.  and 
2-  0  •' 1. (».()■.  which  Is  n  .aiido  -like 
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purity’"  (i)  produces  a  deep  level  in  the  gap  when  tiie  im¬ 
purity  lies  in  the  large-band-gap  bulk  material 
(Al^Ga|_;jAs),  and  (ii)  has  its  corresponding  deep  level 
resonant  with  the  host  bands  when  the  impurity  occupies 
a  site  in  the  small-bund-gap  bulk  material  (GaAsi,  then 
the  impurity’s  deep  level  will  net  lie  in  the  gap  of  the 
large-period  superlattico  for  the  case  that  the  impurity 
occupies  a  site  in  a  small-band-gap  (GaAs)  layer.  Thus  in 
an  18x18  Ga.-AS/Alo.;Gao,iAs  superlattice  (Fig.  1),  Si  on 
a  Ga  site  in  a  GaAs  layer  has  its  1 -symmetric  deep  level 
in  the  conduction  band  of  the  superiattice,.und  so  is  a 
shallow  donor.  However,  in  the  corresponding  alloy  with 
j:=0.35  (Fig.  9)  the  cation-site  Si,  level  lies  within  the 
fundamental  band  gap  and  is  a  deep  trap.  Similar  phys.es 
holds  for  other  defects.  This  physics  might  be  the  origin 
of  the  improved  transport  characteristics  of  GaAs/AlAs 
superlattices  over  Alo.5Gao_5As  alloys,  as  observed  by 
Fujiwara  ct  al. 

6.  Fluctuations 

For  some  time  it  has  been  known  that  fluctuations  in 
alloy  composition  x  of  Al^Ga|_^As  can  cause  normally 
shjljpw  donors  such  as  Si  (for  .v  <0.3)  to  produce  deep 
aevels  ih~regiohs  where  the  Al  mole  fraction  is  consider¬ 
ably  larger  than  the  average  value  x.  Here  we  have 
shown  that  in  thin  quantum  wells  of  GaAs  in 
GaAs/Al;^.Ga|_;,.\s  superlattices  for  x  >0.2  the  Si  can 
produce  deep  levels  as  well.  Thus  fluctuations  in  layer 
thickness  can  produce  previously  unanticipated  deep 
traps.  Since  deep-level  wave  functions  have  large  ampli¬ 
tudes  only  within  a  radius  of  =s5  A  of  the  impurity,  a 
fluctuation  in  GaAs  layer  thickness  (in  the  r  direction) 
down  to,  say,  20  A,  occurring  within  a  small  circle  of  ra¬ 
dius  5  A  in  the  .v-y  plane,  would  lead  to  Si  deep  levels  in 
that  region.  Hence,  special  care  may  be  necesisary  during 
superlattice  growth  to  prevent  nor.uniformities  in  layer 
thickness,  which  could  le..J  to  such  deep-level  formation. 

7.  Relationship  between  cation-site  Si 
and  the  DX  center 

For  some  time  the  technologically  important  native  de¬ 
fect  DX  in  Al^Gal_^As  has  been  the  subject  of  discus¬ 
sion.  with  Lang"  first  proposing  that  it  is  a  donor-vacancy 
comple.N,  and  Hjalmarson'*  setting  forth  the  model 
of  a  Si  impuri.y  on  a  cation  .site.  Clearly,  the  Si  center 
discussed  here  has  the  energy  levels  and  dependencies  on 


alloy  composition  x  required  of  a  DX  center.  Our 
opinion  is  that  the  DX  center  is  normally  either  a  Si  im¬ 
purity.  a  comple.N  containing  a  Si  impurity  (perhaps  Si-Si 
pairs  in  some  cases),  or,  in  some  instances,  other  impuri¬ 
ties  such  as  Sm  that  are  similar  to  Si.  The  comple.ves 
should  have  spectra  very  close  to  the  spectra  of  their  con¬ 
stituents.^"  The  persistent  photoconductivity  associated 
with  the  D.V  center  appears  to  be  best  c.xplained  by  the 
Hjalmarson-Drummond  phonon-coupling  model.'*  How¬ 
ever.  we  note  that  Li  et  al.^'  dl.^putc  the  Hjalmarson- 
Drummond  conchi>ion  and  there  remain  unanswered 
questions  concerning  the  DX  center.  W'e  hope  that  the 
present  work,  which  shows  hou  the  deep  'evels  associat¬ 
ed  with  Si  should  behave  in  the  superlattice,  may  help  in 
.solving  the  mysteries  surrounding  this  interesting  defect. 

IV.  SUMMARY 

The  calculations  presented  here  call  into  qjcstion  the 
common  assumption  that  the  character  of  an  impurity  in 
a  superlattice  will  always  be  the  same  as  in  the  bulk.  We 
have  presented  calculations  which  indicate  that  the  tior- 
mal  shallow  dopant  Si  in  GaAs  may  become  a  deep  trap 
in  a  GaAs  quantum  well  of  a  Ga.AsMl,Ga|_^As  super- 
lattice.  This  prediction  should  be  ic.st.J  for  .x^O.?  su¬ 
perlattices,  where  it  is  likely  to  be  most  rch.ible.’* 

We  have  elucidated  the  physics  of  deep  ieveis  in  super¬ 
lattices,  and  find  splittings  of  bulk  levels  and  shifts  of 
.4 1  levels  of  order  0. 1-0.2  eV  for  defects  at  the  interface 
and  less  for  impurities  within  two  or  three  atomic  planes 
of  an  interface.  For  impuritie.v  more  distant  from  an  in¬ 
terface  the  effect  of  the  superlattice  is  primarily  to  change 
the  window  of  observability  o'  the  deep  level:  If  one  imag¬ 
ines  the  deep  levels  as  being  relatively  fi.xcd  in  energy,  the 
role  of  the  superlattice  is  to  provide  the  band  gap;  super¬ 
lattices  with -small  GaAs  quantum  wells  h;ve  sufficiently 
Itirge  band  gaps  that  deep  levels  which  are  covered  up  by 
the  bands  in  bulk  GaAs  are  uncov  ered  and  observable  in 
the  superlattice. 
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Theoretical  densities  of  phonon  states  in  randun  Al^Gsj.^As  allo;'S  arc 
presented  and  compared  with  published  Renan  scattering  data.  The 
calculations  enploy  the  recursion  method  and  a  Born'von  Karnan  rigid-ion 
nodal  of  the  lattice  dynamlet;  they  permit  the  assignment  of  major 
spectral  features  cither  to  parent  nodes  in  GaAs  and  AiAs  or  tO' 
vibrations  of  specific  alloy  clusters.  The  phonon  epectrel  densl.les  of 
states  are  shown  to  be  nearly  "persistent"  —  a  linear  superposition  of 
GaAs  and  AiAs  spectral  densities.  Deviations  from  the  persistence  limit 
are  attributed  to  "alloy  modes."  Many  adsignnents  of  lines  in  Reman 
s^ctra  arc  confirmed,  but  some  lines  are  reinterpreted. 


1.  Introduction 

In  this  paper  we  report  calculations  of  the 
densities  of  phonon  states  for  Ai^Ga|.^As 
substitutional  alloys,  and  compare  our  results 
with  Raman  scattering  data  of  Tsu,  Kawamura,  and 
Esaki  (1),  Kim  and  .Spltser  [2|,  Salnt-Crlcq  et 
al,  (lj,  and  Jusserand  and  Saprlel  (4].  We  show 
that  the  densities  of  states  of  these  allovs 
are,  more  or  less,  "persistent"  in  the  serie  of 
Dnodera  and  Toyosawa  [S):  except  in  three 
spectral  regions,  the  densities  of  states  of  the 
alloys  Ai^Gai^^As  are  linear  superpositions  of 
the  densities  of  stater,  of  GaAs  and  AtAs; 

D(G;At„Ga.  „As)-(l-x)D(!J;GaA8)-«xD(n;AtAs). 
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The  deviations  from  the  abtve  arc  attributed  to 
"alloy  modes",  namely  characteristic  vibrations 
of  small  clusters  in  alloys  not  present,  in 
either  GaAs  or  AtAs.  The  mein  featurns  'of  the 
Raman  date  ere  ell  accounted  for,  including 
dlsordcr-actlvetcd  Raman  modes  which  arise  from 
either  persistent  modes  or  alloy  modes  in  the 
densities  of  states  that  are  Raman-forbidden  in 
perfect  tlncblende  compounds. 

We  employ  the  recursion  method  (6-4]  in  o;:r 
calculations,  treat  the  ions  as  rigid,  include 
first-  and  second-nearest-neighbor  force 
constants,  and  neglect  long-ranged  Coulomb 
forces.  To  our  knowledge,  these  are  the  first 
calculations  of  this  type  for  III-V 
semiconductlve  allovs.  Coherent  petential 
approximation  (CPA)  calsulatlons  ;10)  have  been 
reported  previously.  However,  the  CPA,  'n  its 
usual  form,  breaks  down  whenever  the  local  modes 
of  clusters  of  minority  atoms  become  important 
"  i.e.,  on  the  order  of  x^  or  (l-x)^  and 
higher.  Recause  of  the  ,p?rslstent  nature  of  the 
densities  of  states,  Ec.  (1),  the  CPA,  or  almost 
any  alloy  throry,  will  successfully  predict  ihe 
.-astn  leorures  of  the  alloy  spectra;  hut  the 
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rig.  1.  Displayed  from  cop  Co  boccoa  are 
phonon  dispersion  curves  for  GaAs,  denslcles  of 
phonon  sCaCes  for  GaAs,  denslcy  of  phonon  scares 
for  Atfi  cGar)  jAv,  denslcles  of  phonon  scares  for 
AtAs,  and  phonon  dispersion  curve*  for  AlAs. 
respecClvely.  The  phonon  dispersion  curves  for 
GaAs  (solid  lines)  were  obcalned  using  che 
force-conscanC  paramecers  of  Ref.  (Ill,  and  are 
compared  wlch  cho  neucron  scaccerlng  daca  of 
Ref.  [181  (docced  lines).  The  phonon  dispersion 
curves  for  AlAs  (solid  lines)  were  obcalned  in 
Che  presenc  model,  and  are  compared  ulch  che 
Infrared  refleeclon  daCa  and  Che  Raman 
scaccerlng  daca  of  Ref.  (131  ac  che  T  polnc 
(circles),  and  che  opclcal  absorpClon  daca  of 
Ref.  (lA)  aC  che  X  polnc  (circles).  (Ic  was 
polnced  ouC  by  Parker  eC  al.  [1X1  thac  che 
asslgnnencs  for  T0:X  and  l.0:X.  given  In 


Ref.  (141,  should  be  reversed.  Here  we  use  che 
asslgnaenc  of  Barker  eC  al.)  The  phonon 
denslcles  of  scaces  for  GaAs  and  AtAs  were 
ohcalned  bv  che  recursion  mechod  (solid  lines) 
and  are  compared  wlch  che  densities  of  scaces 
ohcalned  by  che  Lehmann-Tauc  method  (dashed 
lines).  The  denslcy  of  scaces  for  AIq  cGa^  ^As 
was  obcalned  by  the  Lehmann-Taut  method  using 
Che  vlrcual-cryscal  approximation  for  Che 
force-conscanC  paramecers  and  che  caclon-slce 
mass  In  this  alloy.  Phonons  at  specific 
waveveccors  In  che  Brlllouln  none,  such  as  che 
opclc  mode  ac  f,  OcT,  have  chose  waveveccors 
Indicated  after  a  colon.  The  main  symmetry 
points  are  r-(0,0,n),  L-(2s/aL)( l/2,l/2.1/2), 
X-(2s/aL)(  1,0,0),  fJ-(2n/aL)(l.l/4,l/4),  and 
K-(2s/a^^)(3/4, 3/4,0). 
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rfevttClo.T  from  the  perm  sn  »nr»  1  twit  --  whlc^ 
ere  the  non-trtvl.il  ell»v  .  '  .t-T  --  ere  not 
reliably  oreHlccen  hv  tm-  '"A  .ind  roat  other 
alloy  cheorlea.  tn  contra*'.,  the  recuralon 
method  la  capable  o(  InclnillnR  all  orders  of  x, 
and  predicts  accurate  alloy  spectra  provided 
that  the  proper  ensemble  averages  over  the 
various  local  environments  are  evaluated. 


I,  Outline  of  the  calculation 

The  first  step  of  our  method  Is  to  obtain 
force  constants  bv  fitting  the  phonon  dispersion 
relations  of  OaAs  and  AtAs  with  a  first-  and 
second-neighbor  rlgld-lon  Rom  -  von  Karnan 
force  constant  model.  For  OaAs,  the  force 
constants  of  Banerjee  and  Varsnnl  (It)  were 
found  to  be  excellent  (here  vw  set  their 
long-ranged  force  constant  "x"  to  zero):  for 
.AZAs  the  elastic  constant  data  for  Cj2  1121  and 
the  following  measured  squared  phonon 
frequencies  were  used  tp  determine  Che  six 
Independent  force  constants  of  the  Mdel: 
((j2(LO:r)+2n2(TO!r)l/3,  J^crotX); 
i]^(U;X};  and  (l^CTA.-X)  (13-151.  (Here  we  denote 
optic  and  acoustic  modes  by  0  and  A, 
longitudinal  and  transverse  modes  by  L  and  T, 
and  the  waveveecor  t  using  standard  symbols 
(16!.  Hence  LA;X  refers  to  the  longitudinal 
acoustic  mode  at  the  X-polnc  of  the  Rrillouin 
zone.)  The  force  eonscancs  v,  u,  and  X  foe 
anions  and  cations  in  AZAs,  In  the  notation  of 
Banerjee  and  Varshni  (111,  were  assumed  to  be 
related  according  to  a  central-force  model  (17): 
v"U-l.  The  resulting  phonon  dispersion  curves 
are  compared  with  data  ( 13-15, Ifl)  In  Fig.  t  (top 
and  bottom),  and  the  foree-ec-'.stant  paraiscters 
obtained  in  Che  present  model  are  tabulated  in 
Table  t, 

Ho  long-rangud  forces  are  included  In  the  fit 
to  the  phonon  dispersion  relations:  hence  the 
observed  splitting  at  the  T  point  of  Che 
Rrillouin  zone  between  the  longitudinal  optic 
(LO)  and  cr.insverse  optic  (TO)  modes  cannot  be 
reproduced  by  the  model.  However,  this  splitting 
Is  small,  -IR  cm"l  in  OaAs  and  ~3fl  cm"l  in  AtAs, 
in  comparison  with  optical  mode  energies  of 
-7.70  cm”l  and  -390  cm"l,  respectively.  While 
enplicicly  Ignoring  the  long-ranged  Coulomb 
forces,  we  note  chat  a  model  with  first-  and 
aecond-nearest-nelghbor  force  eonscancs  can  at 
least  adequately  represent  some  of  the  effects 
of  Che  long-ranged  Coulomb  forces  at  the 
zone-boundary  points  (which  dominate  the 
denslcy-of-scaces  spectra).  Moreover,  the 
qualitative  differences  in  the  phonon  dispersion 
relations  due  to  Che  long-ranged  Coulomb  forces 
are  major  only  in  the  long-wavelength  limit 
(near  the  P  point  in  a  Rrillouin  zone);  Che 
direct  effect  on  the  .riobal  features  of  the 
densities  of  phonon  st.aces  is  rather  ssmU  fl9). 
Caution  should  he  taken,'  however,  when 
vibrational  properties  in  the  long-wavelength 
limit  are  of  concern,  such  as  in  Raman 
spectroscopy  or  infrared  reflection 
spectroscopy. 


To  obtain  dei.*ltlos  of  states  wo  employ 
1000-atom  clusters  and  execute  the  recursion 
method  to  51  levels  of  continued  fractl'is;  such 
p.irameters  were  found  to  he  necessary  *.o  obtain 
good  representations  of  tlie  phonon  der  sides  of 
states  of  OaAs  and  AZAs.  Oecclls  of  the 
calculations  can  be  found  In  Ref.  (201.  In 
Fig.  1,  we  display  the  resulting  phonon 
densities  of  states  for  OaAs  and  AZAs  obtained 
bv  the  recursion  method  (solid  line)  compared 
with  chose  obtained  by  the  I.ehmann-Taut  method 
(211  (dashed  line).  In  the  densities  of  states 
obtained  hv  the  recursion  method,  we  notj  that 
the  sharp  van  Hove  singularities  (271  are 
blurred.  This  Is  characteristic  of  the  recursion 
method,  w'nlcb  has  a  slow  convergence  to  spectral 
singularities,  as  they  are  explicitly  due  to  the 
Infinite  periodicity  of  the  crystal  lattice. 

3.  Results 

In  Fig.  1,  we  also  display  the  density  of 
states  for  the  .lUoy  AZq  5080,5 As,  calculated 
using  the  virtual-crystal  appfoxlmatl.’n  In  which 
tha  force  constants  and  the  catlon-slte  masses 
are  linearly  Interpolated  between  those  of  GaAs 
and  AZAs.  This  spectrum  exhibits  only  one 
"amalgamated''  (5)  opctc  band  and  thus  the 
well-known  "two-mode  behavior"  ['.3,231  of  this 
alloy  Is  not  reproductc  by  the  virtual  crystal 
approximation. 

tn  the  recursion-method  theory  presented  here, 
the  force-constant  parameters  for  an  allov  of 
composition  x  are  determined  using  those  of  the 
oarent  compounds  (Table  t).  -or  Afx‘''’l-x^*' 
f Irst-nearest-nelghbor  force  constant.s,  a,  of 
pure  GaAs  and  of  pure  AZAs  are  used  for  Ca-As 
pairs  .jnd  At-As  pairs  In  the  alloy,  namely, 

o(AZjjffa|„jjA8;''a-gs)  •  a(CaAs) 

a(AtjjCa(__A8;At-A8)  •  a(AtAs)  . 

(2) 

We  use  the  same  relation  for  BfAlj^Caj.^As ;Ca-As) 
and  BCAZjjCaj.^.VsiAZ-As).  The  seeond-nearest- 
ncighbor  force  eonscancs.  A,  for  four  possible 
pairs  of  atoms  in  the  alloy  are  determined  by: 

A(  AZj^Ga  I— j^As ;  Ca— Ca)mX^(CaAs ) 

X(  AZ^Ca  i_^AS ;  As-As  )-(  l-x)  a,( CaAs  )4-x A,(  AZAs  ) 

A(  At  j,Ga  I  _^As ;  At-  At)  -  Xj.  ( AlAa  ) 

X(At^Ca[.^As;Ca-At)-( I-x)\  (CaA8)mxX.(AtA8) , 

(3) 

and  we  use  the  same  relation  for  the  other 
eecond-nearesc-neighbor  force  eonscancs  u  and  v 
for  these  four  possible  pairs  of  atoms.  The 
distribution  of  atomic  masses  sc  various 
zlncblende  lattice  sices  is  determined  for 
'54^f!aj-xAs  as  follows:  (1)  all  anlon-siCe  atoms 
are  As  atoms;  (11)  at  a  specific  cstlon-slte, 
the  mass  Is  that  of  At  with  prohahlltty  x  or  the 
mass  of  Ra  with  ornhablllty  l-x  (as  determined 
by  a  random  number  generator). 
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TABL?:  t,  Forca-eoniicant 
10^  dvnv/em)  and  miiaaaa 
Hera  eha  lahala  a  and  e 
cation,  raapaettvely. 


oaramattrs  (In  iintea  of 
(In  unit*  of  in“2*  g), 
rafar  to  tha  anton  and  tha 


GaAs 

AtAs 

a 

-39.525* 

-41.546 

a 

-34.000* 

-37.760 

4.500* 

1.772 

^c 

4.500* 

-4.246 

“a 

-3.A97* 

-2.217 

“c 

-4.467* 

-0.693 

''a 

-3.697* 

-3.989 

''c 

-4,467* 

3.553 

17.4.4102 

124.4102 

•'c 

115.7722 

44.8044 

la]  Paranatars  for  GaAs  obtained  froa  Ref.  (111. 


The  racurelon  method  haa  bean  daacrlbad 
elaewhara  fA-Rl,  and  la  wall-aultad  for 
calculating  tha  local  danalty  of  statea  at  a 
soaelfle  alta  In  a  dlaordarad  ayaten:  d(lt;Q). 
Since  d(A;a)  dapenda  aanaltlvaly  on  tha  local 
atoclc  envlroniaent.  In  order  to  obtain  the  total 
danalty  of  atataa.  which  la  Inaenaltlva  to 
apaclflc  local  order,  we  auai  over  an  anaamhle  of 
local  denaltlea  of  atatea  aa  followa:  (1)  at  the 
center  of  the  1000-ato«  cluater,  a  apeclflc 
five-atom  nlnlcluatar  la  generated,  a.g.,  a 
central  Aa  atom  surrounded  by  one  Ca  and  three 
At  atoma;  (11)  the  probability  p(x)  of  this 
cluster  occurring  In  an  alloy  with  composition  x 
Is  determined  (see  Appendix);  (111)  the 
remaining  94S  atoms  of  the  cluster  are  added, 
with  As  atoma  on  anion  sites  and  either  Ca  (with 
probability  l-x)  or  At  (with  probability  x) 
atoms  on  cation  sites;  and  (tv)  the  local 
density  of  states  at  the  central  site  of  the 
mtnleluatcr,  embedded  In  Its  alloy  environment 
of  99S  atoms,  la  computed.  The  process  Is 
repeated  for  all  possible  mlnlclusters,  each 
embedded  In  the  995  atom  cluster.  The  anlon-slte 
density  of  states  Is  then  given  by 

°anlon("’  ■  ^=1  • 


where  the  sum  Is  over  all  possible  mlntelustera, 
and  di  and  p^  are  tha  local  density  of  scatps 
and  tha  probability  of  oecurrynea  of  the  1^" 
mlnlcluster  respectlyely.  The  eat<on-slte 
density  of  statis  la  determined  t rom  the  local 
densities  of  states  of  a  Ca  atom  and  an  At  atom, 
each  of  which  la  surrounded  by  four  As  atoms, 
and  It  can  he  written  as 

’'catlon^^^  '  <>“*>  4ca<*'‘’>  ^  *  d^t(ft:£l)  . 


I'Hte  total  density  of  states  Is  the  sum  of  the 
anlon-slte  and  catlon-slte  local  densities  of 
states. 

The  calculated  total  densities  of  phonon 
states  for  Atj^Ca<.^As,  for  various  compositions 
X,  are  shown  In  Fig.  2.  To  a  good  aporoxlmatlon 
these  spectra  are  "persistent",  namely  they 
appear  to  be  linear  superpositions  of  CaAs  and 
AtAs  spectra  (See  the  dashed  line  of  Fig.  2),  as 
determined  by  Eq.  fl).  In  three  spectral 
regions,  there  are  significant  deviations  from 
this  "persistent"  behavior;  (1)  near  75  cm“*,  In 
the  acoustic  band,  (11)  near  25(1  cm"^.  In  the 
GaAs-lllce  optic  band,  and  (111)  near  170  cm~  , 

In  the  AXAs-lllce  ootlc  band.  These  are  all 
"alloy  modes”.  By  examining  the  local  densities 
of  states  at  various  sites  for  different  alloy 
configurations,  we  are  able  to  associate  each  of 
these  features  with  vibrations  of  specific  small 
clusters.  Ut  discuss  this  In  the  following. 

In  Che  midrange  of  alloy  compositions,  x>n.5, 
Che  transverse  and  longitudinal  acoustic  medes 
are  orloMrlly  associated  with  the  vibrations  of 
As  atoms  chat  are  surrounded  by  Ca  and  A1  atoms 
at  Che  nearest-neighbor  sites.  The  deviation 
from  the  persistence  spectrum  at  -75  cm~^  Is  due 
to  fluctuations  In  the  alloy  composition:  It 
comes  from  the  contributions  of  clusters 
containing  Ga  and  At  atoms  which  are  present  In 
a  ratio  different  from  5GZ  each. 

The  persistence  speccrus  (dashed  line  of  Fig. 
2)  near  270  cm”*  Is  composed  tsalnly  of  the 
following  two  types  of  vibrational  modes:  (1) 
vibrations  of  a  central  Ga  atom  that  has  Ga 
atosw  for  its  twelve  second  nearest  neighbors , 
and  (11)  vibrations  of  a  central  As  atom  that 
has  Ca  atosw  for  Its  four  first  nearest 
neighbors.  The  deviation  from  the  persistence 
spectrum  around  this  frequency  region,  namely 
the  shoulder  at  -250  cm"*.  Is  thus  attributed  to 
Che  following  alloy  isodes:  (1)  vibrations  of  a 
central  Ga  atom  with  A1  atoms  replacing  ^a  ato' s 
at  the  second-nearest-nelghbor  "les,  and  (11) 
vibrations  ■'f  a  central  As  atom  th  A1  atoms 
replacing  Ca  atoms  at  the  f Irst-nearest-nelghbor 
sices. 

The  persistence  spectrum  (dashed  line  of  Fig. 
2)  at  -345  cm"*  and  -390  cm"*  Is  due  to 
vibrations  of  a  central  At  atom  that  has  At 
atoms  at  the  second-nearest-neighbor  ■  tter..  The 
deviations  from  the  persistence  limit  are 
attributed  to  Che  alloy  modes,  which  are 
vibratin'  s  of  a  central  At  atom  with  Ga  atoms 
replacing  At  atoms  at  Che  second-nearest- 
neighbor  sites. 
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^tg.  2.  0en«lel««  of  phonon  ae«c««  D(n)  for 
At|_^Ga  Am  alloys  ohCalneH  by  Che  rseurston 
method  (solid  lines)  along  utch  denalcy  of 
states  obtained  using  the  persistence 
approximation,  Co.  (1),  for  x  ■  0.3  (dashed 
line).  The  assignments  given  to  -'onlnent  peaks 
represent  clusters  or  atoms  that  are  responsible 
for  the  vibrations  giving  rise  to  the  peaks.  For 
example,  As  denotes  clusters  with  a  central  As 
atom;  fAs,Ai)  denotes  clusters  of  s  central  As 
atom  with  Ai  nearast-nelghbors;  and  (Ga,At) 
denotes  clusters  of  a  euntral  Ca  atom  with  Ai 
second-nearest  neighbors  (or  nearest  cation 
neighbors). 


The  clusters  responsible  for  the  Impurity 
modes  at  alloy  composition  x  ■  0. 1  (CaAs:Ai 
local  mode)  and  x  ••  0.4  (AtAs:0a  gap  mode)  are 
as  follows:  (1)  the  sharp  peak  near  370  csi~'  of 
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Atn,|Oan,aAt  is  due  to  isolated  Ai  atoms 
surroiinoed  bv  a  moatly-flaAa  environment,  and 
(ID  the  peak  nsar  240  cm"'  of  At^  cOsfljAs  Is 
due  to  vibrations  of  Isolaiod  Os  aioms 
surrounded  by  e  mostly-AiAx  arvlronment,  snd  due 
to  Che  vibrations  of  As  atoms  bonded  with  chase 
isolated  Oa  atoms. 

The  fact  that  tha  allov  spectra  are  persistent 
(and  definitely  not  vlrtual-crystal-llke  or 
ameigamatad  —  see  Fig.  D,  especially  for  ootle 
modes,  msans  that  the  principal  spectral 
features  can  be  roughly  labeled  by  the  Quantum 
numbers  of  the  parent  compounds  OaAs  and  AlAs  — 
despite  Che  fact  chat  the  wave-vector  %  and 
other  tymme'’ry  labels  for  the  quantum  numbers 
are  not  strictly  valid  for  the  allov.  Therefore, 
any  reasonable  alloy  theory,  which  is  based  on 
experimentally  known  optic  frequencies  of  the 
parent  compound  semiconductors,  should  be  able 
to  explain  the  principal  featuras  of  Che  data. 
This  Is  why  very  simple  models,  such  as  the 
random-elenent-lsodlsplacement  (RFI)  model 
[23-231,  have  bean  successful  for  Che  purpose  of 
obtaining  optic  mode  frequencies  as  a  function 
of  alloy  composition.  The  features  Chat  are 
difficult  for  anv  model  to  predict  are  Che  allov 
modes.  In  this  regard,  we  note  that  Che  present 
method,  despite  Its  limitation  to  short-range 
forces,  la  clearlv  capable  of  Including  anv 
alloy  modes,  whereas  most  ocher  theories, 
Including  Che  coherent  potential  aoproxlmaclon 
(CPA)  r 101  and  ocher  similar  effective-medium 
theories,  are  Inappropriate  for  including  the 
effects  of  clusters  of  minorltv  atoms  —  l.e., 
effects  on  the  order  of  x^  or  (l-x)^. 

4.  Comparison  with  data 

In  comparing  the  calculated  densities  of 
states  with  Raman  or  infrared  data,  one  must 
make  allowances  for  the  deficiencies  of  Che 
theory.  Including  the  facts  Chat  the  calculated 
spectra  do  not  Include  Raman  or  Infrared  matrix 
elements,  and  Che  model  neglects  the 
polarizability  of  the  bonds  and  the  long-ranged 
Coulomb  forces.  Thus,  when  viewing  the 
theoretical  predictions.  It  may  be  necessary  to 
mencallv  shift  peaks  of  order  >>20  cm"',  split 
peaks,  broaden  them,  and  change  their 
Intensities  In  order  to  bring  the  theory  Into 
coincidence  with  the  data.  Mevertheless,  even 
with  these  uncertainties,  the  theory  can  be  very 
useful  for  Interpreting  data. 

a.  x-0.76 

Fig.  3(a)  shows  Ramsn  data  for  Ai  Oaj.^As  with 
alloy  composition  x  <•  0.76,  obtained  by  Tsu  ec 
al.  (11,  and  the  best-resolved  spectrum,  at 
T  ■  130  K,  among  the  resonant  Raman-scatterlng 
data  taken  by  Jusserand  and  Saprlel  [4).  The 
experimental  conditions  for  obtaining  these 
data.  In  a  perfect  crystal,  would  yield  only  the 
LOiT  modes:  backscatterlng  from  Che  (100) 
surface  with  Incident  and  scattered  light 
polarizations  parallel  to  Che  [01 1 1  crystal 
axis.  However  the  disorder  of  the  alloy  breaks 
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Fig.  1.  («)  Raman  spectrum  for  24A8 

after  Ref.  [1]  (solH  lines)  and  resonant  ftaman 
spectrum  for  AIa  75CaA^2S**  t^) 

(Hashed  line);  1:6)  calculated  density  of  phonon 


the  Raman  selection  rules,  leading  to  the 
activation  of  other  non-LO  moles.  Thus,  while 
the  theory  (See  Figs.  1  and  3(b))  confirms  the 
general  asslgnmene  of  the  peak,  It 

suggests  that  disorder-activated  zone-boundary 
T0:l.  and  T0:X  modes,  which  produce  a  peak  In  the 
calculated  density  of  states  at  -390  cm~*  (Fig. 
3(b)),  contribute  as  well  to  this  peak  —  giving 
It  breadth  a'l.'l  an  asvnmetrlc  shape. 

Concentrating  on  the  fact  that  the  selection 
rules  forbid  the  TO  modes  (In  the  crystal),  we 
speculate  that  the  TO^^^^  assignment  of  the 
~3A0  cm"*  peak  should  be  revised;  the  theory 
(Fig.  3(b))  has  an  alloy  mode  ar  -3A0  cm"', 
which  results  from  (See  Fig.  2)  vibrations  of  A1 
atoms  with  some  Ca  atoms  replacing  At  atoms  at 
the  aecond-nearest-nelghbor  sites  (typically 
three  Oa  atoms  and  nine  At  atoms  at  the 
aecond-nearest-nelghbor  sites  (or  x  ■  0.76). 

We  confirm  the  other  major  mode  assignments  of 
Ref.  (II:  the  peaks  designated  as  CaAs-llke  10 
and  (disorder-activated)  TO  modes  In  the  data 
correspond  to  the  persistent  part  of  the 
OaAs-llke  optic  band  at  -270  cm"'  In  the  density 
of  states  (See  Fig.  1).  The  shoulder  of  the 
GaAs-llke  ootlc  peak  (AL:  denoted  Acoustic  Local 
mode  In  the  data)  can  be  attributed  to  the  alloy 
mode  at  -2S0  cm"'  In  the  density  of  states  (Fig. 
2).  This  mode  Is  due  to  vibrations  of  As  atoms 
with  A1  atoms  replacing  Oa  atoms  at  the 


states  for  At^^  04^*'  Various  mode 

assignments  of’Refs.il!  end  (4)  are  Indicated. 
AL  denotes  an  acoustic  local  mode. 


nearest-neighbor  sites  (typically  three  A1  atoms 
and  one  Ga  atom  at  the  nearest-neighbor  sites 
for  X  •  0.76). 

The  two  lowest  bands  observed  In  the  resonant 
Raman-scatterlng  data  of  Ref.  [4]  (Fig.  3(a)) 
are- the  disorder-activated  longitudinal  acoustic 
mode  and  the  disorder-activated  transverse 
acoustic  mode  respectively.  The  acoustic  region 
of  the  density  of  states,  for  this  alloy 
composition,  retains  most  of  the  features  of 
AlAs,  and  can  be  crudely  assigned  with  the 
symmetry  points  of  AtAs.  Comparing  each  feature 
In  the  experimental  data  with  the  density  of 
states  (Fig.  I),  we  confirm  In  goneral  the 
LA:X(AtAs),  TA:X(AtAs),  and  LA:L(AtAs)  peak 
assignments,  while  noting  that,  respectively, 
disorder-activated  LA:U,X(AlAs)  and  T>;L(AtAs) 
modes  should  also  contribute  to  these  ,.eaks.  We 
tentatively  rtssslgn  the  peak  labeled  TA:L(AtAs) 
In  the  data,  at  least  In  part,  to  an  alloy  mode 
which  results  from  vibrations  of  As  surrounded 
bv  (typically  three)  At  atoms  and  (at  least)  one 
Ca  atom. 

h.  x«0.54 

Figure  4(a)  shows  the  Raman  data  obtained  Sv 
Kira  and  Rpltzer  12!  for  allov  composition 
X  •  0.34.  The  AlAs-Uke  LO  mode  and  the 
GaAs-llke  LO  mode  are  very  sharp,  obeying  the 
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Fig.  4.  (a)  4anan  spacCrum  for  ^4CaQ_4jAs  dlaorder-actlvacerf  longitudinal  acoustic  mode  la 
after  Ref.  (21;  (h)  celeulated  density  of  phonon  denoted  DALA. 

states  for  the  same  alloy  composition.  The 


selection  rules  for  this  experimental  geometry 
(haekscatterlng  from  the  (001)  surface  with 
light  polarisations  parallel  to  the  [1101 
crystal  axis).  The  theory  confirms  the  DALA, 

LO^aAs'  ^AtAs  Furthermore, 

comparing  the  data  with  the  density  of  states, 
the  shoulders  of  the  two  main  peaks  appear  to 
have  resulted  from  the  alloy  modes  which  are 
disorder  activated.  The  clusters  responsible  for 
these  modes  are  nearly  the  same  as  those  In  the 
case  of  X  "  n,5,  as  described  earlier  (Fig.  2); 
The  1'G(;,as  '''*’*^*  sidebands  assigned  to 
clusters  with  a  central  Oa  atom  and  some  A1 
atoms  as  second-neighbors  and  to  clusters  with 
As  surrounded  by  some  nearest-neighbor  At  atoms. 
The  (.flgtAs  *  low-energy  tall  due  to 

vibrations  of  clusters  with  central  At  atoms 
with  some  Ra  second-nearest-nelghbors. 

111.  x-0.2 

Unlike  the  data  for  x"0.76  and  x-0.54,  the 
Raman  spectrum  of  Fig.  S(a)  [3|  was  measured 
under  conditions  meant  to  forbid  the  LOrT  and 
T0;r  modes  (In  the  case  of  a  perfect  alncblende 
crystal):  scattering  from  the  (100)  surface  with 
light  polar tastlons  parallel  to  the  (0011 
crystal  axis.  Hence  the  main  peaks  are  due  to 
broken  selection  rules  and  are 
disorder-activated  (DA).  The  peak  assigned  to 


two-phonon  scattering  by  transverse  acoustic 
modes  (2TA)  and  the  disorder-activated  AiAs-llke 
optic  mode  (DAO)  near  370  cm“^  were  removed  from 
Che  spectrum  hy  the  authors  of  Ref.  (31, 
yielding  the  processed  spectrum  of  Fig.  3(b)  — 
which  those  authors  argue  Is  similar  to  the 
density  of  vibrational  states  for  CaAs.  Our 
calculations  confirm  their  density  of  states 
argument  and  support  their  assignments.  The 
somewhat  sharper  feature  In  Che  theory  at 
"•280  cm"^  Is  an  artifact  of  the  theoretical 
model  due  to  the  omission  of  lang-ranged  forces: 
as  a  result  the  T0;r  and  L0;r  modes  are 
degenerate  In  the  theory  but  split  In  the  data. 

5.  Summary 

The  recursion  calculations  provide  a  good 
account  of  the  phonons  In  A4  Raj.^As  alloys.  In 
general,  the  spectra  are  well-described  by  the 
rerslscence  limit,  F.q.  (1),  which  Is  why  so  many 
assignments  of  alloy  spectral  lines  In  terras  of 
phonons  In  GaAs  or  AlAs  have  been  correct.  In 
particular  the  "two-mode"  behavior  of  the 
''^yRaj-xAs  optic  mode  Is  a  consequence  of  the 
persistant  nature  of  phonons  In  these  alloys: 
thus  one  observes  distinct  AlAs-llke  and 
RaAs-llke  optical  phonon  modes. 

The  genuine  alloy  effects  are  the  "alloy 
modes"  that  are  not  well-described  hy  the 
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FIk.  (a)  Raman  spectrum  for  density  of  phonon  states  for  the  same  alloy 

after  Ref.  (31;  (b)  spectrum  obtalne^'ln  *  composition.  r)A  Indicates  "disorder-activated." 

Ref.  (31  by  removing  the  background,  the  The  mode  Identifications  In  (a)  are  those  of 

two-phonon  contribution,  and  the  DAO  Ref.  (3). 

(Disorder-Activated  Optic  mode);  (c)  calculated 


persistence  approximation,  Ec.  (1).  The  APPRMniX:  Probabilities 

recursion-method  theory  produces  these  modes  and 

Identifies  each  of  them  with  the  vibrations  of  a  The  probabilities  of  occurrence  of  five-atom 

specific  atom  or  cluster  of  atoms.  These  ralnlclusters  are  calculated  assuml  .g  a  random 

Identifications  appear  to  provide  Improved  pseudo-hlnary  al’j'-  In  which  all  anion  sites  are 

assignments  of  some  Raman  spectral  lines.  The  occupied  by  As  atoms  and  the  At  and  Ra  atoms  are 

success  of  the  theory  In  this  regard,  namely  In  randomly  distributed  on  the  cation  sites.  For  a 
describing  the  corrections  to  the  persistence  mlnlcluster  with  a  central  At  or  Ra  atom,  the 

limit.  Is  what  makes  the  recursion  method  a  four  neighboring  atoms  are  -‘s  atoms.  For  a 

satisfactory  theory  of  alloys.  However  the  central  As  atom,  the  probability  of  m  At  and  n 

present  calculations  should  be  regarded  as  only  Ra  atoms  on  the  neighboring  sites  Is  x'''(l-x)", 
a  first  scml-quantltaclve  attempt  to  describe  and  there  are  A!/(n!m!)  such  clusters, 

phonons  In  III-V  pseudo-binary  alloys.  The 
theory  should  be  Improved  by  Including 

long-ranged  forces,  especially  Coulomblc  forces  RF.FERF.NCES 

and  the  effect  of  the  polarizability  of  the 
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We  report  self-consistent  calculations  for  the  deep  levels  of  nearest-neighbor  (S,S)  substitutional 
defect  pairs  in  Si,  including  (i)  the  charge-sute  splitting,  and  (ii)  ratios  of  hyperfine  tensor  com¬ 
ponents.  The  good  agreement  with  available  data  lends  credence  to  the  mesobonding  mode!  of 
paired-chalcogen  deep  levels. 


1.  IN'TIODUCTION 

A  controversy  exists  concerning  the  character  of  the 
deep-level  wave  functions  of  chalcogen  nearest-neighbor 
substitutional  pairs  in  Si.  On  the  one  hand,  Sankey  and 
Dow'’?  and  Hu  e/  u/.’ claim  that  the  “molecular"  wave 
function  for  the  (S,S)  deep  level  in  the  gap  of  Si  is  meso¬ 
bonding,  that  is,  a  t/.like  a  | -symmetric^  bonding  linear 
combination  of  the  two  antibonding  p-like  Ti'Symmetnc 
isolated-S  wave  functions.  [These  Tj  stales  of  isolated  S 
are  not  deep  in. the  gap  of  Si,  but  are  resonant  with  the 
conduction  band;  the  isolated-S  states  in  the  gap  are 
known  to  be  of  -4 1  symmetry  and  of  antibending  charac¬ 
ter,  but  descend  into  the  valen..  band  for  (S  S) 
pairs.  On  the  other  hand,  Worner  and  Schrimer'^ 
claim  that  the  corresponding  wave  function  for  (Se,Se)  is 
totally  antibonding:  an  antibonding  linear  combination  of 
antibonding  isoiated-Se  s-like  dl  | -symmetric  deep-level 
wave  functions.  In  the  Worn-r  model,  the  /I  | -derived 
state  of  the  molecule  lies  within  the  fundamental  band 
gap.  [Both  of  the  theories  indicate  that  the  deep  levels 
of  (S,S)  and  (Se,Se)  should  have  similar  wave  functions.], 

In  this  paper  we  report  self-consistent  calculations  of 
the  wave  functions  and  energies  for  (S,S)^  and  (S,S)° 
deep  levels  in  Si.  Our  results  lend  support  to  the  meso- 
bnnding  model  and  complVment  other  .scif-consistent 
theories  of  extended  defect'/in  .serinonductors.  ” 

II,  hlETHOD 

Our  approach  is  based  on  the  Hjalmarson  et  at.  theory 
of  deep  impurity  levels,  and  solves  the  secular  equation 

,det[l-<;„(£)l']=0 ,  (1) 

where  Kis  the  defect  potential  operator  and  Gn(E)  ir  the 


bulk-Si  Green’s  function 

Co(£)  =  (£ -//«)■  ' 

„  ik.J.Xk.Xl 

(2) 

jj  £-£(k./.)  ■ 
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The  Green’s  function  is  evaluated  using  the  sp^s* 
empirical  tight-binding  model  of  Vogl  et  al.,'^  by  simply 
finding  the  eigenvalues  £(k,A.)  and  eigenvectors  |k,X) 
of  the  Hamiltonian.  '*  The  defect  potential  V=H  —Hq  is.j^^ 
constructed  along  the  general  lines  suggested  by  Hjalmar¬ 
son  eroL:'*  In  a  localized  Lowdin-orbital  basis  of  s,  p,, 
Py,  and  p,  orbitals  the  defect-potential  matrix  is  a  32  X  32 
matrix  involving  only  the  two  S  sites  and  the  six  neigh¬ 
boring  Si  sites  directly  bonded  to  S  atoms.  Following  es¬ 
tablished  approximations,'*  we  neglect  the  long-ranged 
non-ccntral-cell  Coulombic  parts  of  the  defect  potential 
and  ignore  lattice  relaxation  around  the  impurities— 
approximations  that  introduce  uncertainties  of  a  few 
tenths  of  an  eV  into  the  predicted  absolute  deep  ievel  en¬ 
ergies.'*''^  However,  for  studies  of  charge-state  split¬ 
tings,  which  arc  differences  in  deep-leveLenergies,  these 
theoretical  uncertainties  largely  cancel,  leading  to  a 
theory  of  the  energy  difference  much  more  .iccurate  than 
0.1  cV. 

The  symmetry  group  of  a  nearest-neighbor  substitu¬ 
tional  (S,S)  pair  oriented  along  the  (III)  crystal  axis  is 
C3^,  (Ref.  4)  (versus  T,^  for  isolated  S).  The  irreducible 
representations  are  O)  (a-like),  oj  (rotation  about  the 
S--S  bond),  and  e  (r-like).  Thus  the  32x32  secular 
determinant  factors  into  one  10x10,  one  2x2,  and  one 
20x20  determinant,  each  with  the  form 

det(l-Con=0,  (3) 

but  involving  matrix  elments  between  the  basis  functions 
of  a  single  irreducible  representation  only.  Details  of  the 
calculation  and  explicit  expressions  for  the  basis  func¬ 
tions  may  be  found  elsewhere. 

The  defect  potential  is  diagonal  in  a  Lowdin-orbital 
basis  for  the  perturbed  cry.stal,  with  the  values 

<i.(7;R1  I’'|/.a:R>=/3,f£(/,//:R)-)f'(/,(7;R)]  (4) 

where  /?,•  =0.8  for  /  =s  and  P,  =0.6  for  t  =P;,,  p,.,  or  p.. 
Here  R  labels  the  atom  and  a  denote.s  .spin;  W(i,s‘,K)  is 
the  value  of  £(f,a:R)  for. bulk  Si, 

The  defect  potential  is  determined  self-consistently  us- 
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TABLE  1.  Computed  occupation  numbers  nii.ffiRl  for  the 
(S,S)  and  isolated  S  defects  in  Si. 


Occupation  number 

(S.S)"^ 

(S.S)  • 

IS)" 

(S)' 

2n(j,<7',Ro) 

2.01. 

1.96 

1.97 

1.92 

3.86 

3.86 

3.84 

3.87 

^n(s,a‘,Rj) 

1.26 

1.26 

1.25 

I..30 

2.65 

2.60 

2.64 

2.57 

ing:  the  scheme  of  Haldane  artd  Anderson.*’  The 
atomic-orbital  energies  are  < 

£{5.ff  )*£,"+ 1/„  n(p,„(T')  (5a) 

'T' 

and 

E(py,a)^E°+l/„  •  ‘5b) 

where  v.and  p  run  over  x,  y,  and  2,  and  the  prime  on  the 
summations  means  that  terms  with  a=a'  and  V!=p  are 
excluded.  The  occupation  numbers  n  are  either  unity  or 
zero  in  atoms.  The  Coulomb  integrals  (/„,  (/,p,  and 
together  with  the  orbital  energies  £”  and  have  been 
determined  for  Si  and  S  by, fitting  atomic  .<jpectra.^ 

In  the  solid,  the  occupation  numbers  at  each  site, 
n(/,(r;R),  are  allowed  to  assume  nonintcgral  values,  be¬ 
cause  charge  is  more  delocalized  then  in  an  atom.  At 
zero  temperature,  they  are  expressed  ip  terms  of  the 
defect-perturbed  Green’s  function  G  =  Cu(  I  -GoF)' 

n(i,a;R)-(-l/ir)  f  "  Im</,<7,R  !G(£)  |  /,(r,R) 

where  £„  is  the  valence-band  maximum  and  the  summa¬ 
tion  runs  over  the  occupied  bound  states  in  the  band  gap. 
Here  the  bound  states  are  normalized  as  follows:^' 


<*Py  I  F(d/d£)(G„(£l]F  i  >  =  -^1  .  (7) 

Since  the  (Kcupation  numbers  n  depend  oh  the  defect 
potential  F  (and  vice  versa),  Eqs.  (3)^  (4),  and  (6)  are 
solved  iteratively  until  .self-consisteneyis  obtained.  This 
is  done  for  the  deep  levels  of  both  (S,S;)  ’  ihdi(SiS)°,  the 
difference  between  the  energies  of  the  two  debp  levels  be¬ 
ing  the  charge-state  splitting. 

III.  RESULTS 

A.  Oeeupaddnihumoeh 

The  computed  occupation  i>*'tf>bers  for  a  S  s;te  (Rq) 
and  a  Si  site  (R^)  are  given  in  Table  I.  They  add  to  (al¬ 
most)  six  electrons  per  S  atom  andTour  per  Si  atom,  indi¬ 
cating  that  the  atoms  are  all  nearly  neutral  in  their  cen¬ 
tral  cell.s,(regardless  of  the  charge  state  of  the  defect:  the 
extra  electron  of  (S.S)”  is  rather  delocalized  and  spends 
very  little  time  in  the  central  cells.  A  .similar  .situation 
held  for  i.solated  S  in  Si  (Ref.  6)  that  has  virtually  the 
.same  oc^jpatioh  numbers  n(i,a,R)  as  (S,S),  despite  the 
fact  that  the  deep-levc;  wave  function  is  qualitatively 
different — being  ‘ti  character  rather  'iah  Ts  derived. 

(See  table  I.) 

B.  Comparison  with  data 

The  principal  results  of  the  calculation,  as  they  relate 
tq  data,  arc  displayed  in  Table  11.  These  include  the 
charge-.state  .splitting's  £((S,S)'’]-£((S,S)*]  and 
£l\s;".)-£((S)’’),  respectively,  ,iind  various  measured 
functions  of  the  hyperfine  tensor's  components,  and 

4,  for  (S,S)*  and.Bf  and  5.  (for  (S)"’’,  as  computed  in 
Refs.  I,  2,  and  5.  Note  that  alt'of  these  quantities  are  in 
excellent  agreement  with  the)  data.  The  p.'edicted  Ty 
derived  deep  level  of  (S,S)"  lies  a  few  tenths  of  an  eV 
below  the  measured  level,  a  .tsult  attributable  to  the  5*-p 
coupling  of  the  .simplified  Vogl  tight-binding  model, 
which  is  well  known  to  push  the  indirect  conduction- 
band  minima  of  Si  down  (to  their  experimental  energy, 
while  .simultaneously  depressing  the  p-Jike  r2-derived 


TABLE  II.  Comparison  of  theory  with  data  for  the  charge-state  splittings  ^.iS,S)"]-£[(S,S)^  ]  and 
£t(S)°]-£((S)*  ]  for  (S,S)  and  isoiated-S  deep  levels  in  Si,  absolute  energy  £I(S.$)"]  of  the  neutnal  (S.SI 
deep  level  (with  respect  to  the  valence-band  maximum),  and  various  ratios  of  tbe  principal  values  for 
the  hyperfine  tensor  A  of  (S.S)*  and  B  of(S)*.  The  data  for  At/A^  and  ( ,4  j-  .4 1  )/(.<( -b  2.4. )  are  for 


(Se.Se)'’  becau.se  we  were  unable  to  find  comparable  data  for  IS,S)  * .  This  substitution  of  Se  data  for  S 
data  is  justified  because  the  S  and  Se  deep  levels  in  Si  are  known  to  be  almost  the  same  (Refs.  2  and  S); 
Bothdefects' wave  functions  are  Si-dangling-bond-like  (Ref.  16).  .  . 

Theory 

Data 

£((S.S)'’)-£((S.S)') 

£((S)'’)-£((S)'l 

0.19  eV 

0.1£  eV 

0.27  eV 

0.30  eV‘ 

£((S.S)'’l 

0.44  eV 

0.98  eV 

.4,/£, 

6.35 

0.37*' 

At/At 

0.95 

0.97  for  fSe.Se)”' 

{At-Ai)/iAt  +  2A,) 

0.016 

0.01  for  (Se.Se)’’’ 

‘References  2  and  9. 
^Reference  13. 
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deep  levels  a  bit  more  than  they  should  .be.*’  this-ar- 
tifact  of  the  mode!  can  be  correc»  ■<'  by  adjusting  the 
strength  i)f  the  s*;p  coupling  until  the.  theoretical 
isolatcd-(S)‘-  deep  levd  fes  at  the  e.xperihiental  value  of 
0.86  eV— in  which-ca.se  the  other  quantities  of  Table  II 
are  changed  very  little  and  the  theoretic:-.'  'S.S)"  deep  lev¬ 
el  is  found  to  lie  at  the  e.vperimental  energy  of  0.98  eV  to 
within  1%. 

Our  calculated  charge  distribution  for  the  (SiS)*^  deep 
level  is  given  in  Table  HI  and  is  es.sentiuily,  the  same  as 
that  found  by  Sankey  and  Dow'-^  for  (S.S) ''  asing  a  non- 
.self-consistent  theory  wvhich  pn  .iuced  renuhkable  agree¬ 
ment  with  data.  Likewise  our  self-consistent  calculations 
for  the  deep  level  of  isolated  (S)*"  (Ref.  6i  agree  w\th  an 
earlier  non-self-consistent  calculation  by  Ren  et  alJ 
Thus  our  theoretical  predictions  for  (S,S)^  and  (S)*  are 
in  agreement  with  both  previous  .theory  and  the 
data.^-'°-'-' 

IV.  CONCLUSIONS 

The  quantitative  agreement  between  the  self-consistent 
theory  ahd  the  data  is  a'strohg  indication  that  the  meso- 
bonding  model  of  paired-chalcogen  deep  levels  in  Si  is 
correct.  Electron-nuclear  double  resonance  measure¬ 
ments  of  the  charge  distribution  cf  (S.S)’’,  if  they  pro^ 
duce  similar  distributions  to  those  of  Table  III,  will  pro¬ 
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TABLE  III.  Computed  electronic  charge  distribu'ion  of  the 
a, -.symmetric  mesobond'ng  deep-level  state  in. the  fund.’.mental 
band  gap  of  Si,  as.sociated  with  nearest-neighbor  substitutional 
sujfuf-pair-impuritie •  'S,S)*.  The  index  p.  runs  over  x,  y,  and  z; 
the  index  Ry  runs  over  R,,  and  R|,  that  is,  over  the  sulfur  sites; 
a.id'R,.  runs  over  R..  R,.  R^,  Rs.  R«,  and  R?:  the  first-neighbor 
.silicon  atoms  to  each  S  impurity. _ _ 


State 

Electron  charge  (%) 

2  (('Pjs,R,(S)>|V2 

3.4 

,il('Plp,.R,(S))|V2 

1.9 

2  iM'M.R;(Si)>|V6 

1.3 

2  |<'l'lP;,.R/(Si)>|V6 

7.7 

Att  - 

vide  final  resolution  of  the  mesobondihg  versus  totally  an- 
tibonding  controversy. 
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The  following  anonaltaa  in  the  i_x^2x  data,  are  simply 

explained  using  an  alloy  theory^  and  an  order-disorder  phase-transition 
model:  (i)  the  discontinuous  dependence  on  x  of  the  Ge-llke  LO  node, 

(li)  the  anonalous  LO-TO  splitting,  (ill)  the  dlscantlnuous  chan^  in 
the  derivative  with  respect  to  x  of  the  GaSb-llke  LO  line  width,  (iv) 
the  naxlnua  as  a  function  of  x  of  the  Ge-llke  LO  line  width,  and  (v)  the 
asyeimtrles  of  the  LO  lines. 


In  this  conmunlcation  ui  report  calculations 
of  the  densities  of  vibrational  states  for 
netastable,  substitutional,  crystalline 
(GaSb)i.^Ge2x  alloys  [1,2!  and  provide 
explanations  of  the  following  anonalles  in  the 
Ranan  data  (3|  for  these  alloys:  (1)  the 
dlseonclnuous  dependence  on  x  of  the  Ge-llke 
longitudinal  optic  (LO)  node  frequency  fl,  (ii) 
the  existence  of  a  discernible  splitting  betwten 
the  long-wavelength  longitudinal  optic  and 

transverse  optic  (TO)  nodes  for  x<0.3  but  not 
for  x>0.3,  (ill)  the  GaSb^like  LO-node  width  W' 
that  Increases  with  x  and  exhibits  a 
discontinuous  change  in  dU'/dx  at  x*0.3,  (Iv) 
the  fie  LO-node  width  V  that,  as  a  function  of  x, 

Is  naxlnun  for  x«0.3  and  has  a  discontihuous 
derivative  dW/dx  near  x"0.3,  and  (v)  asyiwetrles 
of  the  LO  nodex  that  are  not  smooth  functions  of 

X. 

The  calculations  are  based  on  a  Bom 
von  Karnan  rigid-ion  (4]  nodal  of  the  lattice 
dynamics  of  GaSb  and  Ge,  The  alloy  fluctuations 
are  incorporated  using  Che  recursion  method  (S| 
(executed  to  51  levels  for  lOCO  atoms),  with  Che 
distributions  of  atoms  on.  the  nominal  anion  and 
cation  sices  of  a  zlncblande.  lattice  being 
governed  by  the  tlncblendc-diamond  phase- 
transition  model  with  a  critical  alloy 
composition  x^«0.3  [6,7],  as  evaluated  in  * 
mean-field  approximation  (8|,  To  fccilltate  Che 
calculations,  interatomic  forces  with  ranges 

*  Current  address':  Deoarttsent  of  Physics  and 

Ascronorav,  University  of  Marvland,  College  Park, 
W)  20742. 


longer  tha.t  the  second-nesrestmeighbor  distance 
ate  onicted  from  the  densities  of  states 
evaluation.  The  calculations  (except  for  Che 
phase-transition  aspects)  are  similar  to  those 
reported  for  Alj^ffaj.^As  (9lj  details  of  the 
calculationel  method  and  Cables  of  the  relevant 
force  constants  are  available  [10,11),  The 
output  of  Che  calculation  is  an  ansenbls- 
averaged  approximation  to  the  density  of 
vibrational  states  per  unit  cell 

0(tl)  -  N"‘  I,  «(n-n,), 

where  N  is  the  number  of  unit  cells  and  the  sum 
is  oyer  all  eigenmodes  with  eigenvalues  0.,  The 
results  vor  (CaSb)  j.^Gejx  displayed  in 

Fig.  I,  for  various  values  of  the  composition  x 
and  Che  order  parameter  H  of  the  phase 
cranslcion,  which  is  proportional  to  the  average 
electric  dipole  moment  per  unit  cell.  (Recall 
chat  In  this  node  1  the  LO  and  TO  nodes  at  S-l} 
are  degenerate.)  Many  features  of  the  alloy 
density  of  states  spectra  can  be  associated  with 
the  densities  of  states  of  either  GaSb  or  fi*: 
for  x>0.5  wt  compare  the  average  of  the  GaSb  and 
Ge  spectra  with  the  alloy  density  of  states.  In 
Fig.  1,  us  .associate  deviations  from  this 
average  with  "alloy  nodes"  [9|  and  Identify  the 
najor  spectral  features  with  the  vibrations  of 
specific  bonds  In  the  alloy. 

Especially  noteworthy  is  the  fact  that  the  Ge 
optic  node,  which  is  due  mostly  to  vibrations  of 
Ge  atoms  and  Ge-Ge  bonds,  has  a  low-energj'  .'a-Ge 
sideband  that  is  discernible  in  Fig.  I  for 
x<0.5.  The  calculated  splitting  between  the  Ga- 
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Ftg.  t.  Calculactd  danslelas  of  phonon  seacas 
for  (GaSbX^.^Gii'i^  alloya,  asaualng  cha  phasa*- 
cranslclon  nodal  (7]  with  an  ordar  paraoacar  M 
(solid  linas).  Tha  dashad  line  is  eha  avaraga  of 
Che  GaSb  and  Ga  dansicies  of  statas.  Various 
peaks  are  associated  with  specific  bonds. 

Ce  and  Ga-Ga  spectral  features  is  »7cn"^  [I2l. 
Using  the  calculated  splitting  and  tha  know  LO 
%m(j  node  fraquencies  In  Ge  and  GaSb  (13),  wa 
find  an  explanation  of  the  anonalous 
discontinuity  In  the  Ca-llka  LO-node  position 
(Fig,  2):  Both  the  Ce-Ge  and  Ca-3e  vibrations 
coexist  within  the  "Ge-like  LO  peak"  at  slightly 
different  fraquencies  iJ;  In  Ga-rlch  material  the 
Ge-Ga  peak  is  pronlnent,  but  in  GaSb-rich 
aatariil  the  Ga-Ga  feature  dominates  the  "Ge- 
lika  LO  node."  Hence  the  discontinuity  in  the 
plot  of  the  peak  position  versus  x  is  due  to 
switching  of  the  most  proninent  spectral  feature 
from  Ga-Ga  to  Ge-Ge. 


GaSb  (GaSb)ji 


Fig.  2.  Peak  positions  0  (in  cm~^)  of  the  Ge- 
like  LO  modes  versus  alloy  composition  x,  after 
Ref.  (3]  (data  points).  Tha  parallel  Unas 
through  the  data  cor  the  LO  modes  associated 
with  the  Ga^^  md  Ga^  bonds ti^an  separated  by 
the-  calculated  amount,  *7  em~^  (12),  with  tha 
^-Ga  and  Ga-Ga  and  points  fit  to  the  observed 
LO-moda  .frequencies. 

Another  feature  of  the  data  (3)  is  the 
apparent  absence  of  a  discernible  LO-TO 
snlitting  (14)  of  the  Il"l3  GaSb-llke  modes  for 
x50.3,  although  the  breadth  of  the  prlncinal 
spectral  features  may  prevent  observation  of 
smalt  splittings.  Nevertheless,  the  phase- 
transition  model  (7)  offers  a  simple  explanation 
of  this  phenomenon:  The  net  average  dipole 
moment  per  unit  cell  vanishes  at  the  critical 
composition  X-»0.3;  as  a  result  the  LO-TO 
splitting,  which  in  a  perfect  crystal  is 
proportional  to  the.  square  of  ‘.he  dicolo  moment 
(14,15),  likewise  vanishes  (16).  In  Fig.  3  we 
plot  the  theoretical  prediction  for  the  ootlc 
mode  obtained  from  the  alloy  theory  of  Fig;  I 
(with  no  long-range  forces),  shifted  slightly 
(17),  md  split  a  posteriori  by  an  amount 
proportional  to  The  square  of  the  order 
parameter  M  (18),  to  account  approximately  for 
the  charge  transfer  among  Ga,  Sb,  and  Ge  atoms. 
These  simple  ideas  seem  to  provide  a  pleasing 
explanation  of  the  data  (13). 

The  total  width  W'  of  the  GaSb-llke  mode 
Increases  as  a  function  of  x,  witli  dW'/dx 
changing  dlscontlnuously  at  x-0.3  (3).  This  is 
symptomatic  of  a  pha.se  transition  with  Xg<Q.3: 
for  x>Xg  the  distinction  between  anion  and 
cation  sites  is  lost,  which  is  reflected  in  the 
GaSb-llke  LO-phonen'  line  width.  The  continued 
Increase  in  the  apparent  width  of  this  broad 
feature  as  x  increases  results  from  the  GaSb 
mode  merging  with  the  Ge-Sb  features  of  the 
spectrum,  as  seen  in  Fig.  1. 

The  Ge-like  optic  mode  lies  at  high  energy  and 
is  dlscerrilhle  for  x>0;  hence  it  does  not  merge 
with  a  broad  contimiun  of  other  modes  as  the 
GaSb-llke  mode  does.  Its  width  is  maximum  .it 
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Fig.  5.  Tht  peak  posltiona  G  (in  ci«"^  of  the 
Raman  lines  for  che  GaSb-Iike  LO  and  TO  modes 
versus  alloy  composition  x.  The  solid  line  is 
the  shifted  (17J  theory  with  a  Lyddane-Sachs- 
Teller  splitting  [14J  proportional  to  the,  sauare 
of  the  order  parameter  of  the  phase-transition 
theory  tl31. 

xaO.3.  The  total  width  is  due  to  many  different 
nodes  (including,  e.g.,  nodes  associarad  with 
Ge-Ce,  Ga-Ge,  and  Ga-Ga  bonds)  and  reflects  the 
disorder  in  the  alloy.  Ouslltatively  this  width 
should  be  a  maximum  (nlnlnura)  when  the  disorder 
is  a  maximum  (ninlnun).  Since  the  entropy  is  a 
measure  of  disorder,  in  Fit.  4  ue  compare  che 

5  — ’ — « - ^ ^ 

w  40.0  - 


Phait.traniiiisn  modtl  -1 1.2 
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(GoSb)  (GcSb),.,Gej.  (Ge) 


Fig.  4.  Total  Raman  line  width  (in  cm"*) 
versus  composition  x  for  the  Ge-like  LO  mode  in 
(CaSb) ._„Ge')^.  Data  are  indicated  by  circles. 

The  solid  line  is  the  entropy  per  site  S(x)/kj 
(divided  by  holtznann's  constant)  evaluated 
using  the  phase-transition  theory  (7)  and  the 
dashed  lln>;  is  the  theory  for  the  on-sir-,  model, 
which  does  not  allow  Sb-Sb  or  Ga-Ga  bond.-..  The 
right-hand  scale  is  for  Svxl/kg.  Note  chat  the 
naxinum  of  S(x)  coincides  with  che  maxlnun  line 
width  in  the  ohase-transitlon  model,  but  nut  in 
Che  on-site  model. 


entropy  of  the  phase-transition  model  (for 
Xg»0.3)  (7]  with  the  Raman'  line  width.  The 
entrooy  ser  site  (in  a  mean-field  approximatloh ) 
is  (7): 

S(x)/kj  •  .[(l-x+M)/2]  ln((l-x+M)/2l  +  x  to  x 

+{(l-x-M)/2]  to[(l-x-M)/2), 

where  M  is  che  order  parameter  of  che  transition 
[7]  and  k^ -is.  Boltsmann's  constant.  The 
agreement  between  the-  theory  and  che  data  is 
gratifying. 

The  peak  of  Che  entropy  at  xwO.3  is  indicative 
of  Che  order-disorder  zineblende-dlamond  phase 
cransicioh  with  critical  composition  x^>0.3.  A 
feature  of'  this  phase-transition  model  is  that 
Sb  atoms  may  occupy  nominal  cation  situs,  and 
vice  versa  —  leading  to  Sb-Sb  and  Ga-Ga  bonds. 
Xf  che  Sb  atoms  are  constrained  to  occupy  only 
anion  sites  and  the  Ga  atoms  reside  only  on 
cation  sites  (che  "oh-$lce  model"),  then  the 
theory  predicts  an  entrooy  that  has  a  maximum  at 
xaO.S  (See  Fig.  4)'  [10].  Thus:  Che  data  for  che 
total  line  width  are  consistent  with  che  phase- 
transition  model  and  inconsistent  vdth  Che  on¬ 
site  model. 

This  raises  Che  issue  of  why  che  data  do  not 
exhibit  prominent  spectral  features  associated 
with  Sb-Sb  and  Ga-Ga  bonds  (since  the 
appreclabto  number  of  anclsicc  Sb  and  Ga  atoms 
predicted  by  the  theory  produce  such  bends).  In 
particular,  a  strong  Sb-Sb  peak  had  been 
expected  near  193  cm"‘  (3).  In  fact,  the  theory 
(Fig.  1)  shows  Chat  che  Sb-Sb  features  are  weak 
even  in  che  mean-field  approximation  to  the 
phase  transition,  and  they  arc  likely  to  be 
weaker  yet  in  a  theory  chat  allows  for  atom-atom 
correlations  (and  hence  has  fewer  Sb-Sb  ibonds 
(191).  Thus  Fig.  I  suggests  that  Che  Sb-Sb  bonds 
merely  conccibutc  to  a  relatively  broad  and 
featureless  shoulder  of  the  GaSb-like  LO  line, 
rather  Chan  produce  a  prominent  peak  in  the 
spectrum. 

Finally,  we  note  chat  Che  asymmetries  of  the 
GaSb-llke  and  Ce-llke  LO  lines  have  been 
reported  to  have  anomalous  dependences  on 
composition  x,  with  discontinuous  derivatives 
(3).  This  is  symptomatic  of  the  fact  that  the 
lines  ace  composed  of  features  associated  with 
several  different  modes:  Che  different  modes 
have  changing  importance  in  the  overall  line  as 
X  varies,  and  this  manifests  itself  as  an 
anomalous  dependence  of  the  overall  line 
asymmetry  on  composition. 

In  summary,  che  main  features  of  che  Raman 
data  for  (GaSb)..^Cen^,  once  though:  to  be 
mvscerlous  and  a.'.omalous,  ace  necurally 
attributed  to  che  combined  effects  of  alloy 
fluctuations  and  an  order-disorder  zineblende- 
dlamond  phase  transition  [20]. 
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X-ray  diffraction  data,  ellipsometry  data,  Raman-scattering  data,  and  theory  combine  to  provide 
strong  evidence  of  a  zinc-blende-diamond  order-disorder  transition  with  that  affects  the 

crystal,  electronic,  and  vibrational  strilctures  of  (GaAs)|.,(Ge:),  metastable,  substitutional,  crys¬ 
talline  alloys.  It  is  argued,  based  on  analyses  of  extended  x-ray-absorption  hne-hructure  data  for 
(GaSb)|„,(Ge2),,  that  the  number  of  anion-anion ^bonds  in  these  alloys  is 

significant,  and  requires  a  theory  that  goes  beyond  the  mean-Held  approximat-.on. 


The  proposal''^  that  long-lived,  metastable,  substitu¬ 
tional  crystalline  alloys,^"^  such  as  (GaAsli.^lGcj),  and 
(GaSb)i_,(Ge2),,  e.xhibit  an  order-disorder  zinc- 
biende-diatnond  phase  transition  as  a  function  of  alloy 
composition  x  has  stiiauiated  considerable  interest  and 
discussion*""  and  some  controversy.’""  The  original 
proposal  was  motivated  by  data  for  the  direct  energy 
band  gap  Eq{x)  of  (Ga.As)|_,(Gej),,  which  showed  non¬ 
parabolic  P-shaped  bowing  as  a  function  of  x,  with  the 
minimum  of  the  V  at  the  phase-transition  composition 
Xf,  near  xcsO.i  (Ref.  2).  In  this  paper  we  report  x-ray 
diffraction  data,’  ellipsometry  data,  Raman-scattenng 
linewidth  data,  and  theory  which  together  demonstrate, 
conclusively,  the  existence  of  the  predicted  order- 
disorder  transition  and  its  role  in  determining  the  crys¬ 
tal,  electronic,  and  vibrational  structures  of 
(GaAsli.^tlGe,)^  metastable  alloys. 

The  idea  of  the  phase-transition  model^  is  that  for 
small  X,  the  alloy  (Ga.\s)|_,(Ge2);,  is  GaAs-like  (with 
Ge  substitutional  “impurities"),  retaining  the  zinc-blende 
crystal  structure;  but  for  large  x,  the  alloy  is  Ge-like 
(with  Ga  and  As  substitutional  “impurities”),  retaining 
the  diamond  structure."  The  zinc-blende  phase  has 
well-defined  anion  sites  occupied  almost  exclusively  by 
As  or  Ge  atoms  and  cation  sites  occupied  predominantly 
by  Ga  or  Ge.  For  Ge-rich  alloys,  however,  the 
diamond-structure  crystal  has  Ga  atoms  occurring  on 
both  nominal  anion  and  cation  sites  .since,  in  the  limit  of 
X  near  unity,  there  are  too  few  Ga  and  As  atoms  fo  force 
the  Ga  atoms  all  to  align  on  one  “cation"  sublattice.  A 
pha"^  transition  must  occur  between  these  limiting  ex- 
trei,  is,  i.e.,  there  must  exist  an  intermediate  composi¬ 
tion- x<,  such  that  for  x>Xf,  the  distinction  between 
anion  and  cation  sites  is  lost,  the  average  net  dipole  mo- 

39 


ment  per  unit  cell  vanishes,  and  the  crystal  structure  of 
the  alloy  becomes  diamond  rather  than  zinc  blende.  The 
F-shaped  bowing  of  the  direc.-gap  data  indicates  that 
the  critical  composition  is  near  .r^  asO.S.’-* 

The  phase-transition  model  of  the  alloy,  in  its  first 
form,  used  only  the  mean-field  approximation,  and  thus 
the  theory  contained  the  well-known  problems  of  that 
approximation.  In  particular,  as  shown  by  Koiller 
et  al.,^  mean-field  theory,  which  predicts  adequately  the 
long-wavelength  properties  of  the  (GaAs)i_,(Ge2);,  al¬ 
loys,  is  less  reliable  at  short  wavelengths  or  short  dis¬ 
tances,  and  overestimates  somewhat  the  number  of  an¬ 
tisite  defects  or  As — A...  bonds  to  be  expected  in 
(GaAs)i_;,(Ge2),.  Quantitatively,  the  calculation  of  the 
order  parameter  M(x),  which  is  proportional  to  the 
average  electric  dipole  moment  per  unit  cell,*  is  not 
correct  in  either  the  original  mean-field  theory  or  the 
Koiller  et  al,  correlated  theory:  these  mean-field 
theories  predict  that  Mix]  varies  as  (x rather 
than  the  currently  expected  form,  M l.v)~(x  —Xf  f,  with 
P  being  the  critical  exponent  assuming  that  x^  de¬ 
pends  linearly  on  temperature)."  In  the  limit 
x—0,A/(x)  is. closer  to  unity  in  a  correlated  theory* 
than  in  mean-field  theory.  Although  these  difficulties 
may  affect  some  of  the  detailed  quantitative  predictions 
of  the  mean-field  theory  (as  discussed  below),  the  prob¬ 
lems  with  a  mean-field  approximation  do  not  affect  ei¬ 
ther  the  qualitative  prediction  of  the  zinc- 
blende-diamond  phase  transition  nea.'Xf~0.3,  or  many 
of  the  semiquantitative  predictions  of  the  long- 
wavelength  properties  of  these  alloys. 

One  experimental  signature  of  a  zinc-blende  crystal 
structure  which  differentiates  it  qualitatively  from  a  dia¬ 
mond  crystal  .structu.e  is  the  (200)  x-ray  diffraction  spot. 
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which  must  vanish  abruptly  .ata  zinc-blende-diamdnd 
phase  transition,  because  then  the  distinction  between 
cation  and  anion  sites  vanishes.  Thus,  if  the'  phase- 
transition  model  is  correct,  for  these  alloys,  for  x  i 
distinctive  (200)  x-ray  spot  should  be  observed,  but  for 
X  >Xe  siich  a  distinctive  spot  should  be  absent.  To  veri¬ 
fy  the  model,  samples  of  (GaAs)i_;,(Ge2),  alloy  were 
prepared  on  GaP  substrates  and  measured  by  x-ray 
diffraction.* 

(GaAs)|:.^(Ge2),  films  on  undoped  semi-insulating 
GaP  substrates  were;gfown*  in  a  multitarget  rf  sputter¬ 
ing  system,  the  general  features  of  which  have  been  de¬ 
scribed  elsewhere.'*' The  key  to  growing  single-phase 
mctastable  alloys  (GaAsli.^^lGe,)^  is  the  use  of  low- 
energy  Ar-ion  bomba'dment  in  order  to  coilisionally  mix 
the  upper  one  or  two  atomic  layers  of  the  fifm  during 
growth.  (The  substrates  were  kept  at  450-SS0’C  during 
growth.)  The  detailed  sample  preparation  and  growth 
techniques  ar^  discussed  in  Ref.  16.  Electron  channeling 
measurements  using  a  JEOL  scanning  electron  micro¬ 
scope  verified  that  the  films  were  single  crystals,  and  film 
compositions  were  determined  to  ±0.5  at.  %  by  a  JEOL 
electron  microprobe  referenced  to  Ge  and  GaAs^wafers 
as  standards,  using  the  magiciv  computer  program'^  to 
make  matrix  corrections  for  fluorescence,  absorption, 
and  atomic  number.  The  x-ray  measurements  employed 
a  high-precision  triple-crystal  diffractometer  and  a 
Rigaku  RU-200  rotating  anode  source  operating  at  55 
kV  and  100  mA,  and  emitting  0.7093-A  MoJ^af  radia¬ 
tion.  All  samples  analyzed  were  (lOO)-oriented  single 
crystals. 

In  Fig.  1  we  show  measurements  of  the  x-ray  (200) 
spot  intensities  /(jooi  (appropriately  normalized)  as  func¬ 
tions  of  alloy  composition  x  for  (GaAs)|_;,(Ge2\  meta¬ 
stable  alloys  (grown  on  GaP  substrates)  and  for 
(GaSb)i_;,(Ge2),  (grown  on  GaAs).*'**  These  intensities 
drop  precipitously  at  the  critical  compositions  x^  and 
vanish  for  X  >X;;  the  distinction  between  anion  and  cat¬ 
ion  sites  vanishes  and  the  net  average  electric  dipole  mo¬ 
ment  per  unit  cell  (the  order  parameter  of  the  phase 
transition)  is  zero.  Similar  behavior  has  been  observed 
by  other  workers  in  (GaAs)i_,(Ge2);,.”  Clearly,  the  x- 
ray  diffraction  data  alone  provide  unambiguous  and 
compelling  evidence  that  the  zincrblende  character  of 
the  crystal  structure  and  atomic  geometry  disappears 
near  X;=s0.4 — as  implied  by  the  zinc-blende-diamond 
order-disorder  transition  theory  and  previous  interpreta¬ 
tions  of  the  direct-gap  data.''*  (The  slight,  difference  be¬ 
tween  the  value  Xf=r0.4  extracted  from  the  x-ray  data 
for  samples  grown  on  GaP  substrates  and  x,a0.3  for 
the  other  measurements  of  samples  on  GaAs  substrates 
is  not  significant,  because  .x,. depend.,  on  the  growth  con¬ 
ditions.)  The  experimental  data  arc  also  in  good  qualita¬ 
tive  (but  not  quantitative)  agreement  with  (he  mean-field 
calculation  of  the  order  parameter,  also  shown  in  Fig. 
l.“ 

Ellipsometry  data  show  the  effects  of  the  order- 
disorder  transition  on  the  electronic  structure.  The  mea¬ 
sured  energy  of  the  £i  edge*'  of 'GaAs)|_,,(Ge2),,  alloys 
is  displayed  as  a  function  of  x  and  compared  with  the 


theory  (evaluated  in  a  mean-field  generalized  virtual- 
crystal  approximation^)  in  Fig.  2.  (This  edge  has  been 
resolved' from  the  £|-<-A  edge^'  by  using  Lorentzian 
fitting,  with  an  estimated  experimental  error  of  50  meV.) 
The  experimental  results  show  a  definite  kink  near 
.tf=0.3„  in  good  semiquahtitative  agreemen-;  with  the 
theory.^^  Such  K-shaped  bqwing  of  a  band  gap  as  a 
function  of  x  in  an  alloy  is  a  general  feature  of  a  phase, 
transition  (Refs.  2  and  23),  and  has  been.observed  for  the 
direct  band  gaps  of  both  (GaAs)i_  ,(Ge2),,  (Ref.  1)  and 
(GaSb)i_,,(Ge2)„  (Ref.  24),  with  minima  near  Xfi:0.3. 
Both  theory^  and  experiment  agree  that  the  amount  of 
bowing  found  for  £i(x)  should  be  of  the  same  order  of 
magnitude  but  less  than  that  found  for  the  direct  gap.^‘ 
The  data  shew  the  £|  bowing  to  be  about  half  of  the  Eq 
bowing. 

The  phase  transition  also  manifests  itself  in  the  vibra¬ 
tional  structure  of  (GaAs)i_;5(Ge2)x,  despite  the  fact  that 
the  masses  of  Ga,  As,  and  Ge  atoms  are  all  nearly  equal. 
The  disorder  of  the  alloy  should  influence  the  width  of 


FIG.  I.  The  measured  normalized  diffracted  \-ray  beam  in¬ 
tensity  ratios  of  the  (200)  x-ray  diffraction  spots  of 
(GaAs)|_,,(Ge.),,  grown  on  GaP  substrates  (circles)  and 
(GaSb),.,,(Ge:),  grown  on  GaAs  (100)  substrates  (triangles  in 
inset)  vs  alloy  compo.sition  x  after  Ref.  4,  We  have  R=[I, loot/ 
A4ciO'),iioy/(fi:ooi/f(4flo»)in.vt  where  the  alloy  is  (GaAsli.^lGej), 
or  (GaSb)|_,(Ge2);,  and  Ill-V  refers  to  GaAs  or  GaSb.  In  all 
cases,  the  intensities  /i2uni  are  measured  relative  to  tlie  (400) 
beam  intensities,  since  only  the  (300)  beam  is  e.xpected  to  disap¬ 
pear  when  the  zinc-blende  structure  vanishes.  These  ^  "» show 
that  (GaAs)|.,(Gej),  and  (GaSbl|_,(Ge,),  undergo  phase 
transitions  at  critical  compositions  x,  (with  Xr=r0.4  and 
x,.:'0.3,  respectively)  in  which  the  zinc-blende  character— the 
distinction  between  anion  and  cation  sites — Is  suddenly  tost. 
The  solid  lines  are  smooth  curves  through  the  data,  and  the 
dashed  lines  are  the  mean-field  predictions  for  the  dependences 
of  the  ratios  R  on  the  alloy  compositions  x  (assuming  that  x^  is 
0.4  and  0.3,  respectively):  R  =|A/(x)/  (iW(x  =0)(l-g.,)ll’. 
(This  formula  for  R  uses  atomic  form  factors  for  GaSb,  GaAs, 
and  Ge  obtained  from  Ref.  18  and  ignores  such  corrections  as 
Debye-Waller  factors.  Hence  we  have  g  =0.257  and  g  =0.051, 
respectively.) 
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EFFECTS  OF  A  ZINC-BLENDE-DIAMOND  0?.''E,R.DI?ORDER . . . 


FIG.  2.  .Measured  variation  of  the  E\  edge  (Ref.  21)  of 
(GaAs)|_,(dej),  (grown  on  GaAs  substrates)  versus  alloy  com¬ 
position  X,  compared  with  the  theory.  To  emphasize  the  "bow¬ 
ing"  we  have  subtracted  a  straight  line  from  each  of  the  theory 
(solid  line)  and  the  data  (points)  in  order  to  force  the  variation 
to  be  zero  for  .r  =0  and  .x  =  1. 


the  Raman  line,  both  because  the  (}e  .'ttoms  will  be  po¬ 
larized  by  Ga  and  As  (activating  "forbidden"  Raman 
lines  and  shifting  line  frequencies)  and  because  the  many 
different  cluster  environments  of  Ge,  Ga,  and  As  should 
give  rise  to  inhomogeneous  broadening  of  the  LO  and 
TO  modes  in  the  alloy,  causing  them  to  overlap  (they  are 
separated  by  only  &  15  cm"'  in  GaAs).  Indeed,  the  Ra¬ 
man  spectra  show  one  prominent  broad  long-wavelength 
optic  line  which,  for  some  compositions  x,  contains  two 
discernible  peaks  (this  line  was  fit  using  least-squares 
methods  to  a  two-peak  model  in  Ref.  16.  Thus,  the  na¬ 
ture  of  the  alloy  disorder  should  manifest  itself  in  the 
width  of  this  line;  when  the  disorder  is  a  ma.\imum,  we 
e.xpect  the  linewidth  to  be  a  maximum,  due  to  the  con¬ 
tributions  from  the  disorder-activated  modes  and  new  al¬ 
loy  cluster  modes.  Thus,  roughly  speaking,  the 
linewidth  is  a  (semiquantitative)  measure  of  the  disorder 
or' the  entropy  of  the  alloy.  In  Fig.  3  we  display  the  Ra¬ 
man  linewidth  obtained  from  (GaAs)i_,(Ge2).,  as  a  func¬ 
tion  of  .X.  We.also  present,  for  comparison,  the  calculat¬ 
ed  entropy  per  site  Six)  of  the  zinc-blende-diamond 
phase-transition  model.^'^’  We  find  that  the  entropy 
peaks  near  (=:0.3)  and  has  a  discontinuous  derivative 
with  respect  to  x  at  x^,  features  also  apparent  in  the 
data.’*  Thus  the  vibrational  states  of  the  alloy  confirm 
both  the  electronic  evidence  gleaned  from  the  ellip- 
sometry  data  and  the  crystal-structure  evidence  provided 
by  x-ray  diffraction:  (GaAs)|_,(Ge;),  undergoes  a  tran- 
■sition  as  a  function  of  alloy  composition  x  near  x,  2:0.3. 
Similar  results  were  also  obtained  for  the  Ge  linewidth 
as  a  function  of  composition  in  the  related  alloy 
(GaSb)|_,,(Ge,).,.*-” 

The  direct-gap  data,  the  x-ray  diffraction  data,  the  el- 
lipsometry  data,  the  Raman  linewidths,  and  the  theory, 
when  taken  together,  all.  provide  strong  evidence  of 
a  zinc-blende-to-diamond  phase  transition  in 
(GaAs)i_  jfGeO,,  and  its  effects  on  the  crystal,  electron- 


FIG.  3.  Measured  full  width  at  half  maximum  (in  cm'')  of 
the  long-wavelength  Ge  longitudinal  optic  Raman  line  of 
(GaAs)i_;,(Gei)x  vs  alloy  composition  (points,  left-hand  axis)  in 
comparison  with  the  entropy  per  site  Six),  divided  by 
Boltzmann's  constant,  as  evaluated  in  the  phase-transition 
model  (solid  line,  right-hand  axis). 


ic,  and  vibrational  structures  of  these  alloys.  Available 
data  for  (GaSbli.^iGej);,,  a  similar  metastable  alloy, 
also  lend  support  to  the  theory.^'*’ 

Thus  the  present  theory  resolves  some  of  the  contro¬ 
versy  surroun  ling  the  original  phase-transition  theory,’ 
by  demonstrating  that  theis,  .s  a  phase  transition  with 
Xf  2:0.3.  However,  the  aspect  of  the  original  theory  that 
has  generated  the  most  controversy’'"  is  the  prediction 
that,  the  alloys  (GaAs)i_,(Ge2)^  and  (GaSb)i_.,(Ge2), 
should  contain  numerous  antisite  defects,  that  is.  As— 
As  or  Sb — Sb  bonds.  References  9,  II,  and  28  propose 
alternative  models  of  these  alloys  that  do  not  include  the 
"wrong”  bonds  As— As  or  Sb— Sb.  The  model  in  Ref. 
28  is  a  percolation  model,  with  a  zinc-blende-diamond 
transition  composition  x.  characteristic  of  a  site-diluted 
diamond  lattice,  Xj  =0.572.’’  The  Holloway-Davis  mod¬ 
el’  is  a  modified  percolation  model,  with  a  calculated  x^ 
of  2:0.75.  The  Kim-Stern  model"  is  a  “kinetic"  extend¬ 
ed  cellular-automata  model,  producing  X;  2-0.26  for 
growth  in  the  [100]  direction  and;,Xf  <6. 18  for  spherical 
growth.  We  note  that  only  one  of  these  alternative  mod¬ 
els,  that  of  Kim  and  Stern,"  agrees  even  qualitatively 
with  the  x-ray  diffraction  data  of  Fig.  1. 

Predictions  based  on  the  Kim-Stern  model  for  either 
the  ellipsometry  data  or  the  Raman  linewidth  are  not 
presently  available,  but  the  entropy  may  be  evaluated  in 
an  on-site  model”  that  requires  all  Ga  atoms  and  Sb 
atoms  to  remain  on  their  natural  sites.  This  on-site 
model  forbids  Ga — Ga  or  Sb — Sb  bonds  and  is,  in  that 
respect,  similar  to  the  Kim-Stern  model,  but  is  different 
in  that  it  has  no  critical  composition.  The  entropy 
determined  from  the  on-site  model  is  in  marked 
disagreement  with  the  Raman  linewidth  data,  while  the 
entropy  frqm  the  phase-transition  model*'*’  has  the  same 
general  alloy  dependence  as  the  observed  linewidths. 

Recent  extended  x-ray-absorption  fine-structure  (EX- 
AFS)  data'®  yield  partial  information  about  the  atom- 
atom  correlations  in  (GaSbli.^lGc:).,  grown  on  glass. 
The  interpretation  of  these  data  depends  on  a  number  of 
assumptions.  We  assume  first  that  the  alloys  are  on- 
stoichiometry  (that  is,  there  are  the  same  number  of  Sb 


660 


KATHIE  E.  NEWMAN  et  al. 


39 


atoms  as  Ca  atoms);  that  the  crystal  is  of  good  quality 
(that  is,  that  Sb  does  not  phase  segregate  on  the  surface 
or  along  grain  boundaries);  and  that  there  are  no  vacan¬ 
cies.^®  We  then  extract  from  the  data^the  probabilities 
of  forming  Ga — Sb.  Ge — Sb.  and  Sb — Sb  bonds  (for  de¬ 
tails,  see  Appendix  A'  The  results  are  shown  in  Fig.  4 
and  are  compared  with/  those  determined  from  the 
phase-transition  model  using  mean-held  theory  [for  de¬ 
tails,  see  Appendix  A,  and,- in  particular,  Eqs.  (A2)].  In 
making  these  comparisons,  we  must  know  the  phase- 
transition  composition  .x^  for  (GaSbli.^lGejl^,  grown  on 
glass.  Since  zinc-blende-lattice  spots  were  only  seen  for 
a  sample  with  x  =0. 1  (not  ana'yzed  using, EX AFS).‘°  the 
F^XAFS  data  used  in  generating  Fig.  4  appear  to  be  for 
samples  that  are  all  in  the  diamond  phase.  With  that  as¬ 
sumption,  the  extracted  Sb — Sb  bond  probabilities 


FIG.  4.  Comparison  of  mean-field  bond  probabilities  vs 
composition  x  with  those  extracted  from  EXAFS  data-(circles) 
(Ref.  10)  for  (GaSb)i  ,(Ge.),  grown  on  glass;  (a)Sb— Sbbond 
.probability  Fsh..ib!  (b*  Ga— Sb  bond  probability  (c) 

Ge— Sb  bond  probability  Piu-sb-  Solid  curves  represent  the 
theory  for  x  >  .x,  (diamond  phase)  while  dashec  curves  show 
mean-field  results  for  x  <x,  (zinc-blende  phase;  with  x^  chosen 
to  be  0.1, 0.2, 0.3  'long  dashes),  0.4,  0.5,  and  0  b  Note  that  the 
extracted  EXAFS  Sb— Sb  bond  probabilitie-  are  meaningful 
only  for  those  sar.tples  that  are  in  the  diamond  phase.  For  de¬ 
tails,  see  the  text  and  Appendi.x  A. 


Fsb-Sb.  shown  as  circles  in  Fig.  4(a),  are  all  between  5% 
and  7%.  This  result  is  qualitatively  consistent  with  the 
idea  from  the  original  phase-transition  theory*  that 
Ab-sb  is  nonzero-’’  and  implicitly  contradicts  jhe  cen¬ 
tral  assumption  of  the  Kim-Stern  model,  that  Fsb-sb  is 
zero.  Now  compare  the  Ga-'-Sb  bond  probabilities 
determined  from  the  EXAFS  data  [denoted  circles  in 
Fig.  4(b)]  with  the  results  from  the  phase-transition  mod¬ 
el  using  mean-field  theory*  [solid  line  (diamond  phase) 
and  dashed  lines  (zihc-blende  phase)  in  Fig.  4(b),  with 
chosen  between  0.1  and  0.6].  Qualitative  agreement  with 
the  theoretical  result  is  obtained  for  chosenoto  be 
larger  than  0.1,  and  of  the  order  of  that  observed  in  Fig. 
1  for  (GaSb)i_,(Gei),  grown  on  GaAs:  x^sO.S  [long 
dashed  lines  in  Fig.<4(b)].  If  the  phase-transition  compo¬ 
sition  of  (G4Sb)|_,,(Ge2),  is  indeed  Xt=:0;3,  then  only 
the  extracted  bond  probabilities  for  Sb — Sb  with  x  >0.3 
are  reliable  in  Fig.  4(a)  (see  Appendix  A).  In  either  case, 
it  appears  that  Sb — Sb  bonds  do  occur  with  non- 
negligible  probabilities  (5-7  %)  for  compositions  x  near 
6.5. 

Further  EXAFS  measurements  of  the  Sb  edge  would 
clarify  this  issue  by  directly  revealing  the  number  of 
Sb— Sb  bonds.  It  would  be  desirable  if  these  measure¬ 
ments  weremadecn^samplesfor-which  x-ray  diffraction 
data  exist,  of  the  quality  of  Fig.  1,  e.g.,  the  single-crystal 
samples  of  (GaSb)|_,,(Ge2),  grown  on  GaAs. 

Thus  the  phase-transition  model,  evaluated  in  a 
mean-field  approximation,  provides  a  rather  satisfactory 
description  of  the  long-wavelength  properties  of 
(GaA.0|.,(Ge2),  and  (GaSbli.^lGej),.  As  expected, 
the  mean-field  approximation  does  not  provide  a  satis¬ 
factory  quantitative  description  of  short-wavele;.gth 
atomic  correlations,  as  determined  by  EXAFS;  and  a 
theory  that  correctly  predicts  that  number  of  “wrong" 
anion-anion  bonds  is  needed. 
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APPENDIX 

Here  we  derive  the  formulas  used  in  extracting  bond 
probabilitie.s  from  the  EX.AFS  data.'® 

Denote  the  probabilities  ‘.hat  atoms  /  and  j  occupy 
cation  or  anion  sites  to  be  P  and  P\  re.spoctively,  wher- 
i,j  take  on  the  values  Ga,  vie,  and  Sb.  Similarly,  let  P,, 


39 


EFFECTS  OF  A  ZINC-BLENDE  "  '..MOND  ORDER-DISORDER  . .  : 


661 


be  the  oriented~pair  probability  that  an  atom  /  on  a  cat¬ 
ion  site  is  bonded  to  an  atom  j  on  an  anion  site.  Note, 
P,j—PfPj+,Yii,  where  Yij  the^  difference  between  a 
mean-held  theory  (y;;=0)  and  a  correlated;  theory 
The  oriented-pair  probability  P,j  is  different 
than  the  pfoL:?>'';ity  P,j  of  forming  a  bond  between 
atoms  /  and  y: 

Pij=Pij-hP,!  if/?s=y 

=Pij  if/=y.  (Al) 

In  mean-field  theory  we  find 

forx<x. 


^Gt— G» +■^02— Sb  +^Ga— Ge  +  ^Sb-S!>  +^Sb-Ge 

+  ^Ge-.Oe='l  •  (A6) 

The  normalizations  for  the  oriented-pair.  probabilities  are 
thus  more -restrictive  than  those  for  the  bond  probabili¬ 
ties:  Three  probabilities  enter  Eqs.  (A2)  and  (A3),  versus 
M.X  in  Eq.  (ASll 

The  EXAFS  measurements'”  determine  the  numbers 
of  Sb  neighbors  of  Ga  and  Ge,  which  we  denote  here  as 
the  functions  A(x)  and  B(x),  respectively.  The.se  func¬ 
tions  are  related  to  the  bond  probabilities  by 

/l(x)=4Foa_sb/(l-^)  <A7) 


=(l-x)V2  .‘brx>.Xf, 

^Ga-Ge  =  ^Sb-G«.^-’f  ( 1  -  Jc)  . 

^Sb-Sb=*^Ga-Ga==(n-^)^-.V/^]/4  forx  <Xf 

=(l-.x)V4  for  X  >Xe  , 


(A2) 


and 


Now,  assuming  that  all  sites  are  occupied  (the^re  are  no 
vacancies);  we  have  the  following  relationship  between 
the;  oriented-pair  probabilities  and  the  on-site  probabili¬ 
ties: 


and 

B(x)=4Psb_Ge/2x  .  (A8) 

Since  zinc-blende- lattice  spots  were  not  observed  in  x- 
ra>  diffraction'®  (with  the  exception  of  a  sample  with 
.X  sO.  1  that  was  not  analyzed  using  EXAFS),  we  as¬ 
sume,  for  the  moment,  that  all  samples  were  in  the  dia¬ 
mond  phase.  This  implies  then  that 

Pijr-Pji  ix>Xc),  (A9) 

allowing  us  to  extract  both  oriente'^-pair  probabilities  as 
well  as  pair  probabilities  from  the  EXAFS  measure¬ 
ments: 


IPiJ-Pj 

i 

and 

lPirPf> 

I 


PG.-Sb«2^o*-Sb«2Psb-o.<=(l--’f)^(^)/4,  (AlO) 
Foe— Sb*2Pof_si,®*2Psb— ,  (All) 

and,  using  Eq.  (A3), 

(A4) 

Fsb-Sb  =  Fsb_Sb  =1 1  “■*1/2  -Pca-Sb  —Foe-Sb  • 


where 

2F'=2F;=1  .  (AS) 

(  i 

Similarly,  the  bond  probabilities  obey  the  normalization 
rule: 


(A  12) 

These  extracted  probabilities  are  plotted  in  Fig.  4  along 
with  the  results  from  mean-field  theory,  Eqs.  (A2).  Note 
that  Psb'-ib  decidedly  nonzero  and  that  all  the  ex¬ 
tracted  bond  probabilities  are  of  the  same  order  of  mag¬ 
nitude  as  the  mean-field^results. 
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The  energy-band  structure  of  InN  is  predicted  using  the  pscudofunction  method  (a  f-;st- 
principles,  self-consistent  local-density  scheme).  Some  significant  differences  e.xist  between  this  elec¬ 
tronic  structure  and  extrapolated  empirical  tight-binding  theory  for  InN. 
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I.  INTRODUCTION 

InN  has  recently  been  observed  to  have-both  a  high 
mobility  (4x  10^  em’/V  sec,  Ref,  1)  and  a  baiid  gap  in  the 
visible  region*  (orange,  about  2  eV),  leading  to  the  sugges¬ 
tion  that  Ini_j,Ga;,N  alloys  may  be  fabricated  into  detec¬ 
tors,  lasers,  and  light  emitters  in  the  visible  and  ultravio¬ 
let  portion  of  the  electromagnetic  speefruni.^''*  While  the 
band  gap  of  GaN  lies  in-  the  ultraviolet,  region  and  its 
energy-band  structure  has  been  thoroughly  studied, the 
band  structure  of  InN  is  not  well  understood— -having 
been  investig.nted  oiily  recently,  with  conflicting  re¬ 
sults.''^’’’* 

Calculations  of  the  InN  band  structure  based  on 
empirical  pseudopotential  theory*'*  have  produced  a  fun¬ 
damental  band  gap  that,  by  construction,  equals  the  ob¬ 
served  value  of  2  eV.  To  our  knowledge,  the  only  elec¬ 
tronic  structure  theory  for  InN  with  any  proven  ability  to 
actually  predict  the  band'gap  is  an  extrapolated  empirical 
tight  binding  theory:’  Tight-binding  parameters  deter¬ 
mined  by  fitting  the  known  band  gaps  of  other  III-V 
semiconductors  have  been  used  to  extrapolate  the  corre¬ 
sponding  parameters  for  InN  and  to  successfully  predict 
its  2-eV  band  gap.  Tight-binding  theor".  while  predicting 
a  good  band  gap,  produces  valence  bands  that  are  quite 
narrow  in  comparison  with  the  valence  bands  of  empiri¬ 
cal  pseudopotential  theory.  These  conflicting  features  of 
the  published  band  structures  suggest  that  more  theoreti¬ 
cal  and  e.xperimental  work  on  InN  is  needed.  Thus  a 
genuine  first-principles  theory  of  the  band  structure  of 
InN  is  called  for. 

In  this  paper  we  pre.sent  the  band  .structure  of  InN,  as 
calculated  using  the  pseudofunction  method'’ —  a  finst- 
principles,  self-consistent  .scheme  based  on  the  local- 
density  approximation.  Our  results  differ  in  detail  both 
from  previous  empirical  pseudo- •  uential  theory*  and 
from  tight-binding  theory,’  and  indicate  the  need  for 
measurements  such  as  photoemission  to  re.solve  remain¬ 
ing  controversies  concerning  the  electronic  structure  of 
InN. 


II.  .METHOD 

We  employ  the  pseud  ifunction  method,  which  is  a 
scheme  for  solving  the  on-.-electron  Schrddinger  equation 
self-consistently  in  a  local-density  approximation.  Ex¬ 
change  and  correlation  are  simulated  by  the  Hedin- 
Lundquist  potential. Unlike  many  imriementations  of 
local-density  theory,  the  pseudofunction  method  uses  a 
real-space  scheme  for  describing  local  bending  and  is 
especially  well  suited  for  studving  non-free-electron  sys¬ 
tems.  For  low-atomic-number  atoms  such  as  N,  it  should 
be  more  rapidly  convergent  than  schemes  that  rely  on  the 
plane-wave  character  of  the  solid-state  wave  functions  be¬ 
cause  this  character  generally  results  from  the  ortho¬ 
gonality  of  the  wave  functions  to  many  core  wave 
functions — and  the  low-atqmic-n  umber  atoms  have  too 
few  core  states  to  effectively  produce  tl;:  free-electron 
character  neces'^tv  for  rapid  convergence  in  k  space." 

The  pseudofunction  method  li  'S  elements  in  common 
with  the  liiKarized  muffin-tin  orbital  (LMTO)  method'* 
and  the  extended  muffin-tin  orbiia)  tEMTO'  scheme.*' 
and  can  be  regarded  as  a  loeal-deiiMty-approximation 
scheme  involving  a  more  general  basts  set  than  either  the 
LMTO  or  EMTO  ba^es.  .As  such,  it  is.  at  least  in  princi¬ 
ple,  an  improvement  over  tiio.se  ih.nlementatioiis  of 
local-density  theory.  In  princi,  .e.  the  i.'MTO  method  is 
an  improvement  of  the  L.MTO  method,  because  it  in¬ 
volves  a  more  extensive  basis  .set.  Similarly  the  improve¬ 
ment  of  the  p.seudofunction  .■.cheme  over  the  EMTO 
method  lies  in  tiie  fact  that  its  bads  orbitals  have  not 
been  subjected'to  muffin-tin  boundary  conditions  <tlie  ra¬ 
dial  logarithmic  derivatives  of  localized  muffin-tin  orbit¬ 
als  are,  by  construction,  always  negative  it  tlie  muffin-tin 
radius). 

The  pseudofunctioi.  method  produces  (as  expected) 
rather  good  electron  energy  bands  and  bond  lengths — 
results  comparable  with  those  of  the  best  local-density 
methods.  For  example,  the  pseudofunction  valence 
bands  of  bulk  Si  agree  with  tho.se  computed  using  the 
linearized  augmented-plane-wav,  sLAPW)  scheme*^  to 
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within  typically  a  few  tenths  of  an  eV.  The  computed 
Si — Si  bond  length  is  2.34  A  at  low  temperature,  in  excel¬ 
lent  agreement  with  the  data.  The  bulk  electronic  .struc¬ 
ture  of  .Alls’  (a  material  similar  to  InN)  predicted  by  the 
pseudofunction  method  agrees  with  photoemission 
data.'’  The  Sid  1  l)2x  1  surface  .states  of  p.seudofunction 
theory"’  also  agree  with  those  obtained  using  a  norm- 
conserving  pseiidopotential.”  Pseudofunction  caicuia- 
tiohs  for  a  potassium  overla^’er  on  the  Si(001)2x  1  surface 
found  a  bond  length  of  3.3  A,  compared  with  tlie  exper¬ 
imental  value  of  3.i4±0. 1  A  (Ref.  19)  and  the  value  2.5^) 
.A  obtained  using  a  norm-conserving  pseudopotential 
scheme.’'*  Moreover,  the  pseudofunction  method  has 
been  shown  to  .work  well  even  for  problems  involving  ad¬ 
sorbates  of  atoms'such  as  C  and  O,*'  which  occupy  the 
same  row  of  the  Periodic  Table  as  N.  The  method  is  also 
computationally  fast  compared  with  most  others,  and  has 
been  used  to  compute  some  very  complicated  eiictronic 
structures  (using  local-density  theory):  for  example,  the 
electro  lic  structure  of  solids  such  as  pyrochlore,  with  22 
atoms  per  unit  cell.”  Details  of  the  method  are  available 
in  the  literature.** 

III.  RESULTS 

Our  predicted  band  structure  is  given  in  Fig.  1,  and 
should  be  (jompafed  wnth  tight-binding  theory’  (Fig.  2). 
An  empirical  pseudopotential  band  structure  of  InN  has 
also  been  reported,''*  but  will  not  be  treated  here  because, 
as  discusseti  previously,"*'*-’  the  tight-binding  theory  is 
definitely  superior.  Our  calculations  assume  the  wurtzite 
crystal  structure.*"* 

The  major  qualitative  features  of  our  bands  are  similar 
to  those  of  tight-binding  theory:  there  are  only  a  few 
significant  quantitative  differences,  (i)  We  find  small 
splittings  at  the  zone  center  that  are  absent  from  tight- 
binding  theory  due  to  the  fact  that  we  used  the  observed 


FIG.  !.  d’redicied  band  .structure  of  wurtzite  li'.N-using-tho 
.pseudol'unction  method.  The  symmetry,  points  of’the.  Brillouin 
;Zone.  .are  .•<  =t2n’/c)!0.0.j/2).,  L  =(2-/aUl/\  3.0.u/2c.', 
4V/.i=(2-/a)tl/v  3.0.0),  t«t0.0.0i,  ■f/'=i2-/aK  l/(  3.1/.3. 
a/2cJ,  and  =(27r/a)(  1/v  3, 1/3.01. 


FIG.  2.  Predicted  band  structure  of  wurt/iie  InS  using  the 
tight-binding  method;  after  Ref.  7. 


lattice  constants  c  and  a  which  have  c/a  =  1.61 1-i, 
whereas  the  empirical  tight-binding  theory  assumed  an 
ideal  c/a  ratio  of  (4  )'''*=  1.6330.  (ii)  We  find  a  direct 
fundamental  band  gap  of  1.3  eV,  compared  with  the  2-eV 
result  of  tight-binding  theory’  and  experiment.*  This  is  a 
well-known  limitation  of  local-density  theory:  it  pro¬ 
duces  gaps  that  are  too  small*'' — a  problem  that  can  be 
circumvented,  but  only  with  great  difficulty.*'’  (iii-  Our 
upper  valence-band  width,  is-considerably  wider  thaiuthe 
tight-binding  width:  6.8  eV  versus  3.5  eV.  Here  there  i. 
no  unambiguous  theoretical  criterion  determmi.ig  which 
theory  is  better:  practitioners  of  both  local-density 
theory  and  empirical  tight-binding  theory  would  each  ar¬ 
gue  that  their  preferred  type  of  theory  is  more  likely  to 
produce  realistic  electronic  structures.  In  the  case  of 
AIN,  the  local-density'’''*'  and  tight-binding*^  theories 
gave  bandwidths  comparable  with  each  other  a:id  with 
data.*'’***  This  makes  the  discrepancy  between  the 
theories  for  InN  particularli  t.iteresiing.  The  issue  of  the 
correct  valence-band  width  must  be  determined  experi¬ 
mentally.  Nevertheless,  we  suspect  that  the  tight-binding 
bands  are  narrower  than  the  local-density  bands  because 
the  off-diagonal  tight-binding  matri.v  .‘lements  may  be  un¬ 
duly  small.  These  matrix  elements  are  extrapolated  Iron' 
the  corre.'iponding  matrix  elements  of  otiier  zinc-blendc 
semiconductors,  assuming  that  they  scale  inversely  as  thj: 
square  of  the  bond  length.  Harrison's  rule.’""  However, 
Harrison’s  rule  is  best  applied  to  interpolate  rather  than 
extrapolate:  it  is  known  to  be  crude:  and  extrapolations 
based  on  it  may  not  be  trustworthy,  especially  for  InN, 

•  with  its  large-radius  cation  and  small  anion,  (iv)  The 
valence-band  elfective  masses  are  1.6  and  1.7  free- 
electron  ma>ses  tin  the  directions  perpendicular  to  and 
parallel  to  the  c  axis,  respectively)  in  the  present  model, 
compared  with  2.7  and  2.7  for  tighi-bi  idiiig  tl'.eory.  The 
corresponding  conduction-band  masses  are  0.34  and  0.37 
for  the  present  work  and  0.59  and  0.59  for  tight-binding 
theory.  The  light-binding  m::sse.s  are  hei.Mcr  by  about 
709f.  refieciing  the  Hatter  bands.  Tl.is  i>  just  another 
manifestation  of  the  (likely)  flat-band  !'’.iblein  of  the 
tight-binding  theors.  .Assuming  the.se  mas.se.s  and  a  static 
dielectric  constant  of  8.3.;''  we  obtain  slu.ilow  donor  and 
acceptor  binding  energies'*  of  0.067  and  0.3  lo  eV  in  a  hy- 
drogenic  'Rydberg  efl'ective-mass)  model  iwr.us  0.118 
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and  0.533  eV  in  tight-binding  theory—  .vhich  often  ob¬ 
tains  masses  lOO'T  ii,  error).  Tlie  obse:\ed  binding  ^ner- 
gic.s  of  neutral  substitutional  donors  and  acceptors  in  IiiN 
are  ~0.05  eV  (Ref.  33)  and  ~0.20  eV,'-’’  respectively — 
generally  consistent  with  either  theory,  but  generally 
more  supportive  of  the  present  local-density  theory. 

IV.  SUMM.MiY 

major  difference  between  the  tight-binding  and  pseu¬ 
dofunction  band  .structures  is  the  width  of  the  upper 
valence  band,  which  is  large  in  local-density  theory  but 


small  in  tight-binding  theory.  Which,  if  either,  theory  is 
correct  can  be  determined  'y  photoemission  e.speriments. 
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AHSTPACT 

The  nhv<{cs  of  rieen  levels  te  revieueHi  with  ennheele  on  die  aiinllcaslve 
lihvnic'i  Chne  hae  hcen  elucldaced  a«  a  rcnule  of  Che  Idcne  ot-  l^nnoo,  LcnifUrt, 
H1alm.ireon,  Vogl,  Wolford,  Hsu,  Sanhev,  Allen,  and  others. 


INTRODl'CrtOS 

tn  this  paper  we  outline  the  physics  of  deep  tnpuricy  levels  In 
semiconductors,  and  show  chat  the  simple  Hjalearson  et  al.  model  of  deep 
levels  (II  can  eiianclcactvely  predict  the  uav;tfunetlons  of  subscicuclnnal 
sp’-bonded  deep  Impurities  and  explore  the  chemical  trends  of  deep  levels.  We 
show  chat  Che  HJalmarson  theurv,  when  compared  with  data,  (t)  can  determine 
the  site  (anion  or  cation)  and  symmetry  (s-llke  Aj  or  p'llSce  T^)  of  a  defect, 
(U)  can  eliminate  typically  HOT  or  more  of  the  candidates  for  forming  that 
defect,  (ill)  can  .successfully  predict  how  the  energy  of  Che  deep  level  varies 
from  one  Impurity  to  another  and  from  one  host  to  another,  and  (iv)  can 
predict  unexpected  phenomena  caused  by  the  deep  level.  We  point  out  that  It  Is 
very  difficult  to  guess  from  theory  and  measured  enorgy  levels  alone  If  the 
defects  responslhle  for  the  observed  levels  are  point  defects  or  complexes,  '«'* 
emphaslxc  that  all  of  the  best  contemporary  theories  of  deep  levels  are 
uncertain  by  iS  few  tenths  -of  an  eV,  and  therefore  it  is  not  practical  to 
decerm'lde  which'  impurity  Is  causing  a  glvtn  lavel  hy  allghlhg  the  theoretical 
and  experlmencat.  levels;  tn  our  opinion  this  theoretical  uncertalncv  Is  not 
likely  to  he  grescly  reduced  soon,  Ftnallv  we  show  chat  the  main  dlffertnees 
between  the  Hjaimarson  theory  and  various  other  theories  (2,11  are  (1)  how  the 
host  hand  gaps  are  determined  and  (11)  computational  costs:  The  HJalmarson 
theory  Is  based  on  the  Vogl  ec  al.  empirical  clght-htndlng  Hamiltonian  (41, 
and  so  fits  chit  hand  gaps  to  data,  while  self-consistent  pseudoeotentlal  and 
other  theories  calculate  the  host  hand  gaos  a  priori,  and  then  perform  some 
adjustment.  As  a  result,  the  self-consistent  psTudopotentUl  theories  reoulre 
orilers  of  msgnltude  more  computational  effort  to  obtain  comnarahty  accurate 
deep  levels;  hut  these  theories  can  predict  total  energies  better  than  the 
HJaliMrson  theory.  Therefore,  to  understand  the  physics  of  deep  levels, 
ospeclslly  for  complex  defects,  the  simple  HJalmarson  theory  Is  prcferahle; 
while  the  selif-conslstcnt  pseudopotcntlal  theories  are  better  equioped  to 
handle  questions  related  to  the  total  energies  of  defects,  such  as  diffusion. 

To  begin’,  the  discussion  of  detp  levels,  we  first  make  two  important  (and 
apparently  *.p!,f-contradlctory)  points;  (l)  .Most  deep  levels  are  not  deen;  and 
(U)  Most  de'i'o  Impurity  uavefunettons  do  not  depend  much  on  the  Impurity. 


MOST  l)F.EP  Uf. IS  AKE  .NOT  OEEP 

Several,  years  ago  the  definition  of  a  deep  level  was  based  on  Its  tntrgy: 
a  level  tn^hi  fundamental  hand  gap  more  than  n.t  eV  dlsta-t  from  the  nearest 
host  band  e' ge.  In  our  dl.scusalons,  w«  fnllow  ujalmarson  (l|  and  use  the  term 
"deep"  to  f«scrlh«  Incallaatton;  a  level  that  Is  produced  by  the  central-cell 
potential  of:  the  defect.  Therefore,  a  "deep  level"  can  lie  above  Che 
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eonrtiictlon  band  t»di?ni  and  not  b«  "deap"  -by  the  old  definition.  Stated 
preclaelv,  noat  defect  levels  that  are  "deep"  bv.  the  new  localtaatlon 
definition  are  not  In  the  hand  gap,  and  so  have  "negative  binding  energies" 
and  are  not  "deep"  by  the  energy  criterion. 

An  essential  point  Is  that  every  lieterovalenc  substitutional  sp'-banded 
defect  ffliist  have  both  deep  levels  (due  to  the  central-cell  potential)  and 
shallow  levels  (due  to  the  ;^ong-ranged  Conlonh  potential  associated  with  the 
valence  difference  7.x  -7.e- / zt'i'..  Many  readers  will  he  astounded  to'  learn  that 
comnon  shallow  Impurities,  sncli  a'i  S  on  a  Pi, 'Site  In  Gap  have  enormous 
central-cell  defect  potentials,  »  -5  eV  deep,  and  yet  these  (Ootentlals  appear 
to  produce  effects  on  only  the  10  meV  scale  of  t'vplcal  shallow  donor  levels. 
(A  .good  order  of  magnitude  estimate  of  the  centtal-cell  potential  Is  given  bv 
the  difference- In  the  atomic  energies  of  S  and  ?  '(4}.)  Clearly  these  large 
potentials  must  have  effects  on  the  eV  scale  —  and  they  do:  The  local  sp^ 
bonding  of  the  imnurltv  is  perturbed  hv  the  defect,  producing  different 
energies  for  the  four  tetrahedral  bonds,  namely  four  deep  levels  near  the 
fundamental  hand  gap.  Three  are  pmllke  (of  symmetry  and  degenerate  In  a 
tetraliedral  environment!  and  one  Is  s-llke  (A|  symmetry).  These  deep  levels 
due  to  the  central-cell  potential  alway*'  exist  near  the  fundamental  hand  gap 
In  addition  to  anv  shallow  levels.  (See  Pig.  (l).i) 

If  one  or  more  of  thnso  deep  levels  falls  well  within  the  fundamental 
hand  gao,  then  the  Impurity  Is  termed  a  "doen  Impurity"  and  the  level  Is 
"deep"  hy  the  energy  definition  (Pig.  (i().  If  none  of  these  deep  levels  of  a 
heterovalent  Impurity  Uus  within  the  gan,  the  Impurity  Is  termed  a  "shallow 
Inpurltv"  because  only  Its  shallow  levels  are-  In  the  gap.  However,  the  deep 
levels  still  exist,  althnugh-thev  are  resonant  with  and  broadened  hy  the  host 
hands  (Fig.  (11),  ''or  most  semiconductors,  which,  have  small  (»!  eV)  band  .gaps 
on  the  >2G  eV  scale  over  which  the  spectfai  strength  of  the  sp’  bond  is 
distributed,  the  mn.lortty  of  defects  produce  more  resonant  deep  levels  than 
deep  levels  In  the  gap.  Thus  most  deep  levels  (by  the  localization  definition) 
are  not  deep  ener.getteally, 

Evidence  supporting  this  picture  Is-  provided  by  the  work  of  Hdltdrd  et 
at,  (51  and  Hsu  et  al.  (5|  on  .*!,  0,  and  S  Impurities  on  a  P-slte  In 
alloys  ('Ig.  (21).  In  Ga’,  the  N  Impurity  produce  a  level  energetically 
shallower  than  the  shallow  level  of  S.  As  a  function  of  decreasing  alloy 
coaposltlbn  x,  however,  the  .V  level  hecones  deep  and  behaves  UVe  Che  deep  0 
level,  hut  not  like  the  shallow  5  level.  In  fact,  the  M  level  becomes 
energetically  deep  for  x>.T.5,  only  to  enter  the  conduction  band  for  x»!),2. 
This  behavior  led  Wolford  et  al.  to  conclude  chat  S  Is  In  fact  a  deep  level  In 
a  loeaUzaclon  sense  for  all  x,  but  lies  outside  the  fundamental  hand  gap, 
above  the  conduction  hand  edge  In  GaAs. 

Further  confirmation  of  this  picture  has  been,  supoUed  for  ?  In  Sl,,!?ei.x 
allovs,  where  Hunker  et  al,  (7,P1  have  provldnd  exnerlment.il  evidence  thet  the 
doen  level  .issnclated  with  ?  descends  into  the  fundamental  band  gap  ne.ir 
xvO.15.  (5eo  Fig.  (11.) 


WAVSFH.NCTION.H  l.HngPENDKN'f  O’-’  TMPIIKITV 

A  rather  surprising  feature  of  .msnv  deep  level  wavefunctlons  Is  that  f.-jr 
Impurities  at  the  same  site  (anion  or  cation)  with  thn  same  svmmetrv  In  the 
same  semiconductor,  must  defects  with  deep  levels  in  the  gao  produce  virtually 
the  same  deep  level  wavefunctlon.  This  Is  demonscreced  In  Fig.  (4),  whore  the 
A|-symmetrlc  wavefunctlons  of  S,  .5e,  and  Te  deep  level.s  In  .51,  as  decermlneii 
hy  magnetic  resonance  (9|  and  hy  theory  (ml  are  plotted  versus  the  associated 
deep  level  energy  F.  In  thii  gan.  The  data  alonu  show  that  the  central-cell 
wavefunctlons  of  .5,  5e,  and  To  are  virtually  the  sane;  and  the  theory  shows 
tliat  the  central-cell  and  f ir.st-nelghlfir  w.ive functions  are  In  agreement  with 
th»  .data  and  almost  Independent  of  either  the  deep  level  energy  or  the  defect. 
Thus  the  deep-level  wavefunctlons  are  host-Uke,  not  Impurtty-ltke  (1|. 
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Fig.  {31.  Encrgl*'!  versus  alloy  comnnsition  x  iti  t''* 
co^oductlon  han.t  edge,  (b)  the  shallow  ?  level,  (c)  the  deep  P  level'  prediotert 
In  Ref.  (Ill,  and  (d)  the  deep  P  level  a$  determined  bv  x-rav  ahsorntlon 
nenaurements.  of  |7),  after  (7).  Note  that  the  deen  level' descends  into  the  hop 
tor  x»O.I5. 
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^'In.  !^1.  Aj -symaiet rlc  wavefiinct ions  at  the  central  site  and  a:  the 
first-neighbor  shell  for  substitutional  defects  In  St,  compared  jlth  datai 
after  |in). 
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The  host-Uhe  character  of  Heen-level  wavefuncctons  cou;.J  have  been 
Herfiiced  fro"i  Che  experlneocal  face  Chat  Impurtctea  vlch  acoiale  enerslcs 
different  bv  eV  all  produce  deep  levels  In  Che  gap  that  differ  bv  an  order  of 
magnitude  less,  »0,l  eV.  Clearly  t!ie  deep  levels  In  the  »ap  are  not 
Iraourlty-llice. 

A  schematic  Illustration  of  the  physics  of  deep  levels,  for  Che  case  of  M 
on  a  P  site  In  CaP,  Is  given  In  Figs.  (51  and  (6),  V  Is  more  electronegative 
than  P  and  so  attracts  more  electronic  charge  to  Its  bonding  level  (Fig,  (51), 
causing  the  antlhondlng  level,  bv  orthogonalltv,  to  have  verv  little  charge  on 
the  N’-slte  and  a  host-lltce  Ca-llke  uavefunctlon.  to  terns  of  energy  levels 
(Fig,  (61),  the  host  iia  and  P  atomic  levels  exhibit  a  bondlng-antlbondlng 
sollcclng  of  order  i  “here  v  is  a  Ca-P  transfer  matrix  element.  V 
cjjiipled  CO  surrounding  Ca'exhlblcs  a  smaller  bondlng-antlbondlng  splitting, 
V  •/(£(;. -e.j) ,  because  the  energy  dennnlnacor  Is  »7  eV  larger  (v  Is  almost  the 
same  tor'  Ca-N  and  fia-P  |ll|).  The  N-ll'<e  level  Is  the  bonding  "hyperdeep” 
level  that  lies  below  the  valence  hand.  Is  electrlcallv  Inactive,  and  Is  not 
observed.  The  deep  level  In  Che  gap  Is  host-llke  ((ja-llke)  and  antlhondlng  In 
character.  If  we  change  the  defect  from  ?  (V»0)  to  S  (V»  -5  eV)  to  S 
(V=  -7  eV)  tO' 0  (V»  -15  eV)  to  a  vacancy  (V»  -•’(21),  the  deep  level  does  not 
change  Its  energy  much  (although  the  hvperdeen  level  does).  As  a  result,  a 
plot  of  deep  level  energy  K  versus  crntral-cell  defect  strength  V  (or  versus 
Impurity  atomic  energy)  looks  like  a  parabola  with  the  asymptote  being  the  Ga 
dangling  bond  energy  or  pinning  energy  of  Mjalnacson  {I|.  (See  Fig.  (71.) 

For  different  sites  (anion  or  cation)  and  symmetries  (Aj  or  To)  the 
asymptotes  lie  at  different  energies,  hut  several  different  Impurities  when  on 
the  same  site  all  produce  deep  levels  of  a  given  symmetry  within  a  few  tenths 
of  an  eV  of  the  pinning  energy.  Since  the  theoretical  accuracy  Is  also  a  few 
tenths  of  an  eV,  theory  can  determine  the  site  ind  symmetry  .f  an  observed 
level,  and  can  eliminate  from  consideration  thnse  Impurities  that  Ue  more 
chan  O.S  eV  fro--  the  observed  level,  hut  It  cannot  definitively  assign  a  lavel 
Co  a  sneclf.lr  Impurity,  Such  an  approach- Identified  oxygen- and  the  antlsUe 
defect  ASfjj,  as  candidates  for  the  defect  F.12  (12),  Moreover,  because  of  the 
host-llke  nature  of  deep  level  wavefunctlons,  most  electronic  probes  cannot  he 
of  much  assistance  in  defect  Identification  —  probes  that  couple  to  the 
nucleus,  such  as  f.-inOR  (9|,  or  to  the  core  electrons,  suel  as  EXAFS  (13),  are 
needed  for  unambiguous  Identification  of  defects. 


COMPLF.XKS  OF  OEKKCTS 

An  Interesting  and  verv  useful  feature  of  the  theory  of  dotn  levels  as 
apnlled  to  defect  complexes  Is  that  the  lev  I  sneetrum  of  a  complex  Is  very 
nearly  Che  sum  of  the  spectra  of  the  complex's  constituents.  This  rule  of 
chunh  obtained  bv  Sankev  Il4|  Is  not  rigorous  but  Is  sufficiently  valid  that 
In  many  cases  (O  It  Is  virtually  Inoosslhle  to  determine  from  energy  levels 
•ilone  whether  Che  responsible  defects  are  Isolated  or  complexed,  and  (ll)  when 
trying  to  Identify  defects  rosnonslhle  for  specific  dee?  levels  1:  is  often  an 
adenuaCe  aooroxlmaclon  to  consider  only  point  defects,  while  recalling  that 
the  point  defects  so  identified  might  be  complexed. 

To  see  why  complexlng  does  not  alter  deep  levels  much,  consider  two 
nenresc-nelghhnr  sp^-bonded  Impurities  and  their  Jeep  levels.  The  resulting 
"diatomic  molecule"  (Fig.  (81)  will  have  (1)  the  a-llke  (aj)  states  formed 
from  Che  s-like  (A.)  states  of  the  Individual  "jtoms"  and  from  the  p-llk#  (Tj) 
states  polarized  along  the  spine  of  the  molecule;  and  (Ui  the  x-llice 
(e-iymmetrlc)  states  derived  from  the  T^  levels  chat  are  polarized 
perpendicular  to  the  spine  of  the  molecule.  The '"-lie  states  do  not  "feel"  the 
spine  of  the  molecule  and  so  have  energies  virtually  identical  to  those  of  the 
constlt'it»nc  defects.  The  c-Uke  states  (to  a  good  aporoximatton)  occur  at 
energies  that  Incorlaee  the  A,  and  To  levels  of  the  constUutenc  defects. 
Because  these  levels  are  often  within  several  tenths  of  an  eV  of  one  another. 


-50  -40  -30  -20  -10  0  10  20 


Defect  Potentiol  (  eV  ) 

Fi?.  (7),  0*1...,  energy  levels  preJlcted  In  (ij  versus  defect  potential  for 
the  le.piirtles  at  the  ton  of  the  fijiiire  for  Aj-aynmetrlc  deep  levels  of 
suhatitutional  defects  on  the  f-slte  of  GaP.  Note  that  the  curve  approaches  an 
asymptote. 


Volence  Sand  Fermi  Sea 


SEMICONDUCTOR  ♦  METAL 

n-type  1 

SURFACE 

Pis.  (S).  II liistratlns  how  a  surface  defect  level  determines  the  Fermi 
level  and  leads  to  hand-hendins  and  Sehott'sv  harrier  formation  at  a 
semlconduetor/metal  contact,  as  discussed  hy  Bardeen  1171. 
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the  reiultinc  o-li>«e  level  veriicture  k-lll  he  ^tailler  to  that  of  the 
conetltiient  defects  to  within  ^  few  tenths  of  in  eV. 


schottky  barkers 

These  ideas  ahoiit  eonnlexinic  are  esneclally  useful  for  dlscusaln); 
Bchottky  barrier  forinatinfl  due  to  native  defects  in  seniconduetora,  hneause 
tliey  greatly  reduce  the  number  of  native  defects  that  must  be  considered.  A 
defect  at  a  semiconductor  surface  will  have  four  deep  levels.  Near  the 
fundamental  ban;  gap  thp  n>llke  Ti  levels  will  not  be  degenerate,  but  will  he 
split  by  the  reduced  symmetry  of  the  surface.  The  surface-induced  shift  of  the 
hulk  Aj  level  and  splitting  of  the  T2  level  will  he  of  order  0. A  eV,  and  can 
cause  a  resonant  level  to  descend  Into  the  gap.  Thus  an  impurity  that  Is 
shallow  In  thn  bulk  may  he  deep  at  the  surface,  with  levels  In  the  gap. 

In  general,  surface  defect  deep  level  spectra  may  be  several  tenths  of  an 
eV  different  from  hulk  deep  levels  of  the  same  Impurity.  Tliey  will  he  similar 
to  the  spectra  of  hulk  defect-vacanev  pairs,;  however  (because  the  surface  Is 
effectively  a  sheet  of  "vacancies":  an  Impurity  at  a  surface  is  surrounded  by 
three  host  atoms  and  one  "vaeanev,”  with  the  other  "vacancies"  more  distant). 
In  anv  case,  Allen  ( 15)  has  extended  the  ideas  of  HJalnarson,  Vogl,  and  Sankey 
to  treat  deep  levels  of  surface  defects,  following  pioneering  work  by  Daw, 
Smith,  Swarts,  and  Mcdill  |!A). 

Bardeen  (17)  and  Spicer  (IRI  recognized  (1)  that  the  lowest  empty  deep 
level  of  a  neutral  surface  defect  is  effectively  the  Fermi,  energy  for 
electrons  at  the  surface,  and  (it)  that,  in  electronic  enuillhrlum,  the  Fermi 
energies  of  the  hulk  semiconductor,  hulk  metal,  and  semiconductor  surface  must 
all  align  for  a  semlconductnr/mecal  contact.  As  a  result  the  hands  bend, 
formlne  a  Schottky  harrier.  In  order  to  accommodate  this  alignment.  The 
•Rchottky  b.’rrler  height  Is  the  energv  of  the  conduction  band -edge  with  respect 
to  the  lowest  omnty  surface  deep  level  (Fig.  (9)). 

In  Fig,  (lO)  we  show  the  resulting  predictions  of  Schottky  harrier  height 
versus  allov  composition  for  tll-V  semiconductor  allovs,  assuming  chat  the 
surface  defect  responsi  le  for  Schottky  barrier  formation  Is  the  cation  on 
anlon-slte  native  antis  ice  defect  (19).  The  agreement  with  the  data  Is  hettur 
than  the  accuracy  of  the  theory. 

This  theory  not  only  exnlalns  Schottky  barrier  formation  in  Ill-V  alloys, 
it  also  explains  the  apparent  dependence  of  barrier  height  on  metal  reactivity 
|2h,’n,  the  Schottky  barriers  formed  when  transition  metals  are  deposited  on 
Si  |2'di,  Re,  and  diamond,  and  numerous  onee-rur.r.ltng  features  of  Che  Schottky 
barrier  data  (20). 


THF.  THEORY 

The  theory  of  deep  levels  |l)  is  a  one-electron  theory,  for  a  host 
Hamiltonian  operator  Hq  with  a  defect  perturhacion  operator  V.  Tne  secular 
eouaclon  is 


det,  (1  -  (E-Hn)*'  V)  -  0 


or 


(1) 


det  (I  -  /dE'  (E-E')*‘  4(E'- .,,)V)  •  0 


(2) 


All  current  theories  solve  such  an  equat^n  for  the  deep  level  E.  Oifferenc 


so 


theorle*  trent  the  speecrel  densltv  opeMtor  SC^'-H^)  end  the  defect  potentlet 
oneretnr  V’  differentiv.  The  xtjsn  of  the  contrlhntfon  of  the  enectrel  den^ltv 
tu  the  Inte.erel  in  Ra.  (2)  is  different  if  V  Is  in  the  conduction  bend  nr 
velence  hend;  the  eondtictlon  bend'  etetee  putli  the  deep  level  down  end  the 
velence  hend  etete«  renel  it  unwerd  —  the  helnnce  between  theee  onposinR 
forces  determine*  S.  ^or  e  theory~of  deep  level*  to  he  successful  this  belnnee 
must  he  co'rreet.  All  theories  represent  velence  hend  stetes  well;  thus  the 
issue  is  the  position  of  the  host  hsnd  pen  end  speetrel  distribution  of  the 
host  conduction  hend  stete*.  HJelmerson  salved  this  problem  hy  usinn  the 
empiricsl  tishc-hindlnp  model  of  Vogl  et  el.  fil  for  This  model,  hy 
construction,  hes  the  correct  hend  gen  end  e  speetrel  distribution  tliet  gives 
good  deep  levels,  Loeel-density  theories  celcnlete  the  hend  gsp,  invariehly 
find  it  to  he  in  error  by  typicelly  iOJ,  end  then  edjust  either  the  gep  or  the 
oseudopotentlel  in  en  ed  hoc  menner.  The  resulting  theories  have  comparehle 
validity  to  the  Mjelmerson  theorv  for  deep  level  spectre,  but  if  the 
pseiidopotentiel  theory  is  based  on  e  local  density  approxinetlon,  it  should 
have  superior  predictions  for  total  energies.  Thus,  when  we  compute  deep  level 
spectre,,  especially  for  complex  defects,  we  use  ;he  HJelmerson  theory;  but  for 
diffusion  and  total  energy  celculatlons  we  recommend  n  local  density  approach. 

The  lljalmarson  theory  is  eapy  to  evaluate,  and  pedagogical  discussions  of 
how  to  do  so  are  avallahle  123], 


Ue  ,ir*  grateful  to  the  '"'flee  of  Naval  Research  for  their  continuing 
siinport  (Contract  No.  NO0ni4-84-K-01S2)  and  to  our  manv  collengues  who  have 
provided  the  Ideas  discussed  here. 
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We  review  a  theory  of  Schottky  barriers  that  explains  the  following  experimental  findings: 
(i)  observed  barrier  heights  and  Fermidcvel  pinning  positions  for  GaAs.  InP.  GaSb.  AlAs,  GaP. 
InAs.  and  other  ni-V  semiconductors:  (ii)  svviiching  of  the  obscrx'ed  barrier  Heights  and  Fermi- 
level  pinning  positions  for  ll(-V  semiconductors  as  a  function  of  surface  treatment  or  reactivity 
of  the  metal;  (iii)  alloy  dependence  of  Schottky^barrief  heights  for  the.  ternaries  Al!.,Ga, As. 
GaAS|.,P,.  Gai.,In,P.  InP,., As,,  and  lni.,Ga,As:  (iv)  different  slope;.  d£/dv  for  different 
metal  contacts  to  AIGaAs.  and  an  apparcnt;cusp  in. the  slope  for -Al  contacts  us  aiunction  of 
alloy  composition;  (v)  observed  Schottky  barriers  for  a  wide  variety  of  Si/transition-metal-silicide 
interfaces;  (vi)  obsersed'barfiejs  for  Ge.  diamond,  and  amorphous  Si:  (vii)- observation  that 
Fermi-level  pinning  for  p-GaAs  disappears  at  the  annealing  temperature  of  the  antisite  defect 
A$o.-  The  theory  provides  a  microscopic  realization  of  the  phenomenological  defect  model  of 
Spicer.  Lindau  and  coworkers.  We  find  that  most  Schottky  barriers  are  e.xplained  by  dangling 
bonds  -  intrinsic  dangling  bonds  for  group  IV  semiconductors  and  antisitc  (as  well  as  intrinsic) 
dangling  bonds  for  III-V  semiconductors.  Ohmic  contacts  are  explained  in  the  present  picture 
by  shallow  levels,  which  arc  also  predicted  by  the  theory. 


Ohm’s  law  usually  fails  to  hold  at  a  semiconductor/metal  interface.  In¬ 
stead,  the  current  density  7  is  observed  to  depend  exponentially  on  the  tip- 
plied' voltage  Observations  of  this  phenomenon  c.xtend  back  more  than  a 
century,  but  the  underlying  microscopic  causes  are  still  controversial.  Pro¬ 
posed  theoretical  interpretations. include  the  following: 

(I)  Schottky’s  original  model. ..in  which  equilibration  of  chemical  potentials 
of  semiconductor  and  metal  requires  charge  transfer,  resulting  in  an  electro- 
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sfatic  dipole  layerat  the  interface  and  a  barrier  to  the  motion  ofelectrons. 

(2) . ‘Bardeen's  Fenhi;l(iyel  . pinning  modcI„(l]:  in  which)  “surface  states"  of 
some  kind  result  in  a  barrier  that  is  nearly  independent  pfithe  mctal.for  a  given 
semiconductor.  Fermi-level  pinning  can  be  produced  by  intrinsic  sur¬ 
face  states,  metal-induced  gap  states  [2],  and  extrinsic  states  associated  with 
various  kinds  of  defects.  (One  expects,  of-course.  that  the  '•j.rrier  height  will 
vary  with  the  metal  in  the  case  of  metal-induced  gap  states  or  ntetal-atom  impur¬ 
ity  states.) 

(3)  The  defect  model  of  Spicer.  Lindau  and  coworkers  (3-.^).  in  which  the 
Fermi-level  pinning  is  produced  by  native  defects  of  some  kind,  associated 
with  missing  anion  or  cation  atoms  in  III-V  semiconductors. 

Here  we  review  a  theory  of-  Schottky  barriers  and  Ohmic  contacts  that  is 
based  on  Fermi-level  pinning  and  the  defect  model,  in  which  obser\'ed  barrier 
heights  and  Fermi-level  pinning  positions  are  assigned  to  particular  defects 
[6-15]. 

The  electron  Schottky  barrier  height  is  the  difference  between  the  conduc¬ 
tion  band  edge  and  the  Fermi  energy  at  the  semiconductor  surface: 

08  =  '  El 

Within  the  context  of  the  defect  model,  therefore,  a  microscopic  theory  of 
Schottky  barriers  is  a  theory  of  the  relevant  defect  levels  that  “pin"  the  Fermi 
energy  at  the  surface.  For  a  sufficiently  high  concentration  of  defects,  the  sur¬ 
face  Fermi’  energy  will  lie  near  the  lowest  acceptor  level  for  an  n-type  semi¬ 
conductor,  or  the  highest  donor  level  for  a  p-type  semiconductor.  (Further 
discussion  is  given  in.  e.g..  refs.  [6-14].) 

In  fig.  1 ,  we  show  our  calculated  results  for  the  defect  levels  associated  with 
antisite  defects  and  vacancies  at  the  (110)  surfaces  of  nine  III-V  semiconduc¬ 
tors.  Many  of  these  levels  have  been  previously  reported  (6-14).  They  were 
calculated  using  the  same  scheme  applied  to  bulk  defects  by  Vogl.  Hjalmar- 
son  and  Dow  [16.17].  employing  the  measured  surface  rela.xation  [18.19].  In 
the  following,  we  will  compare  the  theoretical  results  of  fig.  1  with  the  avail¬ 
able  observations  for  Schottky  barriers.  Fermi-level  pinning,  and  Ohmic  con¬ 
tacts  on  III-V  semiconductors. 

It  should  be  emphasized  that  a  variety  of  arguments  is  used  in  making  our 
microscopic  assignments  of  the  defects  responsible.  For  example,  in  the  case 
of  III-V  semiconductors,  we  regard  antisitc  defects  as  ordinarily  more  likely 
than  vactincies  for  reasons  that  h;;ve  been  given  elsewhere  [6],  Also,  as  men¬ 
tioned  below,  the  variation  in  barrier  height  with  alloy  composition  .v  can  act 
as  a  signature  of  the  detect  type.  Various  experiments  provide  other  valuable 
information  concerning  the  identity  of  the  defects:  one  e.xumpie  is  the  obser¬ 
vation  of  an  annealing  temperature  for  the  Fermi-level  pinning  on  p-Ga.'\s 
[21].  mentioned  below.  In  short,  our  assignments  arc  based  on  qualitative  ar¬ 
guments.  chemical  trends,  and  experimental  information  ('!  %’arious  kinds,  in 
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GoP  <^Ai  GoSb 


AlP  AIA8  AlSb 


Fig.  I.  deep: levelS'.calculaied  for  antisitc  dcfecis  and  vacancies  at  (MO)  surfaces  of  III-V 
semiconductors.  As  indicated  for  GuAs.  the  levels  are.  left  to  right,  for  ;inion>on'catinn>site. 
caiion'onraniof’site.  cation  vacancy,  and  anion  vacancy.  The  occupancy  of  the  levels  for  the  neu* 
tr'al  charge  state  is  .\hown.-  a  full  circle  indicates  thc'^vel  contains  two  electrons  (spin  up  and 
down),  a-hulf'full  circle  one  electron,  and  an  open  circle  no  electrons.  (Charge-state  splittings 
are  neglected.)  For  the  In-V  materials  at  the  top.,  several  resonances  above  the  conduction  hand 
edge  are  also  shown.  and'^c  are  the  valcnce  and  conduction  band  edges.  Some  of  these 
levels  have  been  previously  reported  (ft^|4|. 
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addition  to  detailed  calculations  of  the  defect  levels. 

Fig.  2  shows  the  e.xperimcntal  levels  for  Ge  on  GaAs(llO)  obtained  by 
Monch  and  Gant  [20-22].  which  are  approximately  the  same  as  those  ob¬ 
tained  by  Spicer.  Lindau  and  coworkers  for  various  metals  and  oxygen  on  the 
same  surface  (3-5).  It  appears  that  the  acceptor  level  for  the  “cleavage-re¬ 
lated"  defect,  and  the  acceptor  and  donor  levels  for  the  "chemisorption-re¬ 
lated”  defect,  are  quite  satisfactorily  explained  by  the  corresponding  levels  for 
the  antisite  defects.  Ga.v  and  Asoa-  The  theoretical  acceptor  levels  for  both 
defects  are  associated  with  dangling  bond  orbitals  -  muisite  Ga  and  .-is  dangl¬ 
ing  bonds.  The  donor  level  is  derived  from  a  bulk  .Asq,  donor  level,  only 
shifted  in  energy  somewhat  at  the  surface. 

Fig.  3  provides  a  similar  comparison  for  n-type  InP  (26).  In  this  case,  we 
again  invoke  antisiie  In  or  P  dangling  bonds  to  explain  the  experimental  data 
for  the  noble  metals,  but  intrinsic  Ga  dangling  bonds  (associated  with  a  P  va¬ 
cancy)  to  explain  the  data  for  the  more  reactive  metals.  Various  surface  treat¬ 
ments  are  also  interpreted  as  producing  intrinsic  Ga  dangling  bonds,  or  pos¬ 
sibly  surface  impurities.  The  sh-dlow  donor  level  for  Vp  is  explained  by  the 
"deep  resonance"  for  this  defect  in  fig.  1 :  Two  electrons  that  would  lie  in  this 
conduction  band  resonance  spi’i  out  into  the  conduction  band.  These  elec¬ 
trons  are  then  bound  to  the  doubly-charged  defect  site  in  shallow  donor 
states.  =»0.1  eV  below  the  conduction  band  edge.  According  to  ref.  [23]  how¬ 
ever,  reactive  metals  can  also,  produce  the  deeper  Fermi  energy  ••0.5  eV 
below  the  conduction  band  edge. 

In  fig,  4.  we  compare  the  experimental  Schottky  barrier  heights  for  Au 
contacts  to  various  semiconducting  alloys  with  the  theoretical  barrier  heights 
predicted  for  antisite  cation  dangling  bonds.  (Recall  that  pg  “  ^ 

where  £f  »  defect  level.), The  agreement  is  more  than  satisfactory. 

In  fig.  5.  we  compare  exjjerimental  barrier  heights  for  Al  and  In  contacts  to 
.Al|.,Ga,As  with  the  theoretical  heights  predicted  for  antisite  cation  and 
anion  dangling  bonds.  (The  surface  Fermi  energy  £?.  inferred  from  pg  =  Eq 
-  Ef.  is  plotted.)  There  appears  to  be  a  switching  of  defects  as  the  alloy  com¬ 
position  .V  is  varied,  with  antisite  cation  dangling  bonds  providing  a  good  de¬ 
scription  of  the  data  for  small  x  (large  slope  in  dEldx)  and  antisite  anion 
dangling  bonds  vioing  equally  well  for  large  .v  (small  d£/<ic).  The  slope  d£/d.v 
thus  appears  to  tut  as  a  signature  of  the  defect  type. 

Other  experimental  observations  also  support  the  defect  model  and  the 
present  theory  [3-5.20-33].  For  example,  fig.  6  shows  further  experimental 
evidence  that  the  Schottky  barriers  for  GaAs  are  associated  with  antisite 
defects:  Monch  and  coworkers  [21]  find  that  the  Fermi-lcvel  pinning  position 
for  Go  on  GaAs(l  10)  anneals  out  at  the  annealing  temperature  of  bulk  .Asq,. 
As  mentioned  above,  the  pinning  position  for  Ge  on  GaAs(  1 10)  is  essentially 
the  same  as  tlmt  for  various  metals  on  this  surface. 

Other  proposed  mechanisms,  such  as  metal-induced  gap  states  [2.34-42] 
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Fig.  2.  Theoretical  levels  tor  surface  antisite  defects.  .As  on  Ga  site  (.Asoj)  and  Ga  on  .As  site 
(Ga.v,).  compared  with  e.vperimental  levels  for  "chemisorption-related"  defects  and  "cleavage-re¬ 
lated"  defects  (5.  20).  Open  circles  indicate  theorijical  acceptor  levels  or  c.vperimental  Fermi- 
level  pinning  positions  on  n-iypc  GaAs:  solid  circles  indicate  theoretical  donor  levels  or  e.vperi- 
mental  FermMevel  pinning  positions  on  p-type  GaAs.  After  refs.  (6.  9|. 
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Fig.  S.  Vteoretical  levels  for  surface  antisite  defects.  In  on  P  site  and  P  on  In  site  Icoineideniully 
close  in  energy/,  compared  ivtt'i  e.xperimental  Fermi-level  pinning  positions  Ei  for  the  noble  metals 
Cu.  Ag.  and  Au  on  n-type  InP  (26).  .As  can  be  seen  in  fig.  I.  a  surface  P  vacancy  (V,.)  produces 
a  shallow  donor  level  that  can  e.xplain  the  quite  different  e.xperimental  Fer.’nt-I.'xcl  pinning  posi¬ 
tion  for  the  reactive  metals'.S'i.  Fe.  :ind  Al  (2ft|.  Surface  treatments  with  O.  Cl.  S.  and  Sn  also 
arc  obserxed  to  produce  Fermi-level  pinning  just  beneath  the  conduction  bane'  edge  |2b|:  such 
treatments  may  produce  surf:ice  vacancies  (V,.)  or  surface  impurities  (Sy.  Snt„).  In  terms  of  dangl¬ 
ing  bonds,  we  attribute  /rf  for  me  noble  metals  to  anthite  dangling  bonds  and  Ey-  for  the  more 
reactive  metals  to  intrinsic  danghng  bonds.  After  refs.  |S.  9). 
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Fig.  4.  Theoretical  Schottky  barrier  height  for  cation-on-anion  antisitc  defects  (e.?..Ga^J  com¬ 
pared  with  e.xperimental  Schottky  barrier  height  for  .Au  contacts  to  the  alloys  Ali.,Ga,.As. 
GaAS|.,P,.  Ga,.,ln,P.  lnP|.,As,.  and  In,.,Ga,As.  The  sources  of  the  e.xperimental  data  (dots, 
fitted  in  ref.  (21 1  by  the  dashed  line),  are  cited  in  ref.  (lOj.  Thc  agreement  between  theory  and 
experiment,  particularly  on  the  right,  is  fortuitously  good  since  the  theory  contains  errors  of  see. 
eral  tenths  of  an  eV.  It  is  clear,  however,  that  the  theory  does  a  quite  satisfactory  job  of  descrih- 
ine  the  behavior  of  the  measured  Schuttkv  barrier  as  a  function  of  allov  composition.  After  ref. 
(101. 


Fig.  .^.  Theoretical  deep  levels  for  cation-on-anion-site  (C,J  and  anion-on-cation-siie  (Ac)  com¬ 
pared  with  e.xperimental  Fermi-level  pinning  position  (Ep)  inferred  from  Schottky  barrier  mea¬ 
surements  of  Okamoto  et  al.  (53).  Here  £}  is  defined  by  pj  *  Ec  -  El.  where  pg  is  the  measured 
Schottky  barrier  height  and  Ef  is  the  conduction  band  edge.  There  appears  to  be  a  switching  of 
defects  as  a  function  of  alloy  composition,  with  anion-oh-caiion-site  e.Xplaining  the  data  for  In 
and  Al  contacts  to  Ga-rich  alloy.s  and  cation-on-anion-site  explaining  the  data  tor  Al-rich  alloys. 
.Notice  that  the  slope  ol  the  defect  level  as  a  tunction  of  the  alloy  composition  .v  is  a  signature 
of  the  detect  type.  This  is  an  e.viimple  of  the  fact  that  the  present  theory  (b-M)  provides  a  micro- 
!.copie  explanation  of  the  ob.sorvcd  chemical  trends  of  the  Schottky  barrier  height.  After  ref.  (14). 
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Fig.  6.  .Annealing  out  of  Fermi-level  pinning  for  Ge  on  p-type  GaAs  at  the  annealing  tempera¬ 
ture  of  the  Asgj  antisito  defect.  After  ref.  (21).  In  the  present  theory.  Asci  is  annealed  out.  but 
the  acceptor  level  for  Ga.,,  remains.  The  acceptor  and  donor  levels  previously  found  by  Spicer  et 
al.  [3-5]  are  indicated  by  the. open  and  solid  circles  on  the  left. 


Fig.  7.  Surtace  energy  Ef-  at  a  semiconductor/meial  interface  as  a  function  of  U'  -  y.  where  U' 
is  the  metal's  work  function  and  y  is  the  semiconductor's  electron  affinity.  Notice  that  one  defect 
of  every  30  or  even  esery  100  semiconductor  surface  atoms  produces  goo.l  Fermi-level  pinning 
for  a  substantial  r.inge  of  metals.  This  figure  is  for  n-type  Si.  with  lO”  bulk  donors/cm^  tind  room 
temperature.  One  surface  acceptor  and  one  surface  u. tr  level  were  assumed,  as  well  as  an 
inlertacial  transition  region  separating, 'he  metal  and  'vmiconductor  of  width  </  *  5  A  and 
dielectric  constant  f,  »  I.  The  present  results  ate  approptiate  to  surface  defects,  whereas  those 
of  ref.  (44|  are  appropriate  to  bulk  defects. 
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have  great  difficulty  explaining  results  like  those  of  fig.  6.  Mecal-induced  gap 
states"  cannot  explain  Fermi-level' pinning  at  submonolayer  coverages  [3-5, 
20-23. 26..3ljf  or  real  world  Schottky  barriers  with  an  oxide  layer  between  the 
semiconductor  and  the  metal.  A  more  extensive  case  against  metal-induced 
sap.states  as  the  mechanism  for  observed  Schottky  barriers  is  presented  in  ref. 
[12  b]. 

We  fnention  that  the  present  thetiry  assumed  a  concentration  of  relevant 
defects  of  the  order  of  one  defect  per  100  surface  atoms,  in  order  for  the 
Schottky  Barrier  to  be  approximately  the  same  for  different  metals.  (A  small¬ 
er  defect  concentration,  is  required  to  explain  Fermi-level  pinning  for  sub¬ 
monolayer  coverages  [211.)4n  fig.  7,  we  illustrate  that  a  1/100  concentration 
can  be  quite  sufficient  lor  surface  defects.  (The  calculations  of  fig..  7  are  for  f; 
=  1  and  d  =  5  A.  where  e,-  is  the  effective  dielectric  constaftt  and  <f'the  effec¬ 
tive  width  of  the  dipole  layer  at  the''interiace;  the  true  values  of  these  quan¬ 
tities  are  unknown,  of  course,  but  we  believeithese  are  not  unreasonable  es- 
tirnates.)  Similar  results  were  obtained  by  Spicer  et  al.  [43]  ahd.Bardeen  [Ij. 
On  the  other  hand.  Zuret  al.  [44j  find  that  an  order  of  magnitude  higher  con¬ 
centration  is  required  for  bulk  defects.  The  present  theory'  is.  of  course,  based 
on  dangling  bonds  at  the  surface. 

The  results  of  figs.  .1-6  arc  for  III-V  semiconductors.  In'the  case  of  group 
ilV  semiconductors  [45-52]  -  Si,  Ge,  diamond,  and  amorphous  Si  ->we  inter? 


Fig.  8  .Theoretical  intririMC  dangling  bond  level-s  tor  5i.  and  C  (diamond)  compared  with  ex¬ 
perimental  surface  Fermi-k-.ol  p<vtions  inferred  from  Schottky  barrier  heights  for  Au  contacts 
on  the-'O  materials.  E.nergies  are  measured  relative  tmthe  v:,,.;nce  band  maximum  E,-:  the  conduc¬ 
tion  band  minimum  at  the  Lor  J  point  in  the  Brillouimzonc  is  shown  at  the  top.  After  ref.  (12b|. 
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pret  the  obsen'ed  Schottky  barriers  in  terms  of  intrinsic  dangling  bonds.  Rep¬ 
resentative  results  are  shown  in  fig.  8,  for  Au  contacts.  We  find  the  same  level 
of  agreement  with  the  observed  Schottky  barrier  heights  for  numerous  Si/ 
transition-metal-silicide  interfaces  (llj.  for  W  and  N'i  gcrmanides  interfaced 
with  Ge  and  for  .Al  and  Pa  on  diamond  [12aj,  and  for  various  transition  met¬ 
als  on  amorphous  Si  [13]. 

In  summary,  the  present  theory  explains  a  wide  variety  of  e-xperimental  ob¬ 
servations  for  Schottky  barriers.  Fermi-level  pinning,  and  Olimic  contacts. 
For  IH-V  semiconductors,  the  primary  pinning  agents  appear  to  be  antisite 
dangling  bonds.  For  group  IV  semiconductors,  the  data  are  well  explained  by 
intrinsic  dangling  bonds.  In  some  cases,  other  mechanisms  appear  to  be  in¬ 
volved.  For  e.\ample,  the  original  Schottky  mechanism  appears  to  apply  for 
noble  metals  on  GaSe  [26].  where  the  concentration  of  defects  is  presumably 
low;.  Also,  the  prominent  acceptor  level'/foi  GaSb  [3-5]  may  be  due  to  the 
cofnplex  (Gasb,  Vqj)  [3,  7].  Finally,  as  desiribed  above. -we  attribute  Fermi- 
leV-:!' pinning  on  p-GaAs  to  a  donor  level  that  is  bulk  derived  and  only  some- 
what'voifted  in  energy  at  the  surface.  However,  the  present  theory  mainly  at¬ 
tributes  Schottky  barriers,  Fermi-level  pinning,  and  nearly  Ohmic  contacts  to 
interfacial  dangling  bonds  of  one  kind  <  r  another. 

We  thank  the  US  Office  of  Naval  Research  for  their  support,  which  made 
this  work  possible  (N00014-S2-K-0447). 
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I .  Incroductlon 

The  role  of  supercomputers  In  cheoreclcal  solid  state 
physics  has  been  revolutionized  by  the  development  of  high-speed 
computers  and  software  chat  faclllcatca  their  use,  In  less  than 
n  generation,  the  computer  available  to  the  average  physicist 
has  changed  from  a  cumbersome  mechanical  calculator  chat  could 
barely  divide  to  an  electronic  wizard,  that  can  compute  and 
display  million-pixel  pictures  continuously.  These  advances  in 
numerical  computation  have  changed  the  character  of  theoretical 
physics  from  a  primarily  analytic  dlscl'jline  to  a  field  now 
dominated  by  numerical  calculations,  simulations,  and  pattern 
recognition. 

Atomic  physics  was  the  first  area  to  feel  the  impact  of 
computers:  codes  for  solving  the  Hartree-Fock  equations  with 
configuration  interaction  almost  rendered  approximate  analytic 
theories  of  atomic  structure  obsolete  by  the  early  1960' s.  Solid 
state  physics  was  also  dramatically  affected  by  the  ct,Tipucer 
revolution,  but  th?  complexity  of  many-atom  solids  appeared, 
until  recently,  to  be  an  insurmountable  obstacle  to  a  fully 
muserinal  approach  to  the  structures  of  solids.  As  a  result, 
three  separate  types  of  solid  state  theory  have  developed:  (1) 
analytic  theojy,  of  which  th"  '.heory  of  supwrconductivicy  [1]  Is 
a  prime  example;-  ^,2)  numerical  theory,  such  as  energy  band 
calculations  (2];  and  (3)  simulations,  such  as  Monte  Carlo 
calculations  of  electron  transport  in  semiconductors  (3). 
High-speed  computers  have  created  situations  such  that  the 
analytic  theories  can  be  evaluated  for  increasingly  realistic 
models  of  solids,  the  numerical  theories  can  be  extended  to 
increasingly  complex  solids,  and  realistic  simulations  are  now 
possible.  In  fact,  the  theory  of  electronic  structure  of  simple 
solids  is  now  becoming  genuinely  predictive  In  the  sense  that  it 
is  capable  of  providing  valence  energy  band  structures,  based  on 
either  a  priori  theories  or  well-established  seml-eraplrlcal 
prescriptions.  High-speed  computers  will  certainly  cause  this 
predictive  capability  to  be  extended  in  the  near  future  to  more 
complex  solids.  Moreover,  increasingly  complex  numerical 
theories  that  use  he  full  capabilities  of  supercomputers  are 
likely  tc  be  deve  oped  --  extending  the  predictive  capabilities 
cf  elec:rc.uc  structure  theory  to  conduction  band  structures  and 
to  excited  states  of  solids.  Thus  the  advent  of  supercomputers 
guarantees  a  revolution  In  solid  state  theory. 
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The  purpose  of  this  paper  is  to  speculate  how  the 
supercomputer  revolution  in  its  early  days  will  affect  solid 
state  theory  and  to  sketch  a  picture  of  how  the  supercomputer 
and  its  less  agile  cousin,  the  laboratory  computer  (^],  wiU 
become  cools  of  the  average  theorist. 

.  ^ 

II.  Optimal  Use -of  Supercomputers 

Supercomputers  are  extremely  fast  and  somewhat-complicated 
machines  that  are  most  often  situated  at  remote  locations. 
Software  development  for  these  machines  is  in  a  primitive  state, 
and,  as  a  rule,  the  machines  are  decidedly  not  user-friendly. 

For  most  users,  supercomputers  are  at  distant  sites'  and  have  to 
be  accessed  over  phone  lines  --  this  restriction  means  chat  they 
are  useful  primarily  for  compute- limited  rather  than 
output- limited  Jobs.  (A  fully-utilized  supercomputer  will 
compute  so  many  numbers  that  the  output  can  be  digested  by 
humans  only  in  graphical  form  --  and  presently  available 
communications  are  not  well-suited  to  long  distance  transmission 
of  large  amounts  of  graphical  output.) 

The  software  and  communJ laticns  limitations  imply  chat  ^ 
researchers  interested  in  u.«ing  supercomputer.,  today  should  be 
prepared  to  spend  a  few  months  at  the  upereomputer  site  to 
learn  how  to  "vectorize"  their  codes,  or  they  should  station  s 
student  at  the  site  to  interact  directly  with  the  supercomputer 
(and  its  high-speed  graphics),  or  they  should  wait  until  the 
plans  to  develop  user-friendly  software  and  high-speed 
communications  are  further  along.  Hence,  in  Che  near  future,  Che 
primary  use  of  supercomputers  by  solid  state  physicists  will  be 
for  large-scale  production  Jobs  on  cor- ute- limited  progr.ams. 

While  it  is  always  cost-effective  in  a  narrow  sense  to  use  a 
supercomputer,  because  supercomputers  offer  Che  most  megaflops 
per  dollar,  a  proper  cost-benefit  analysis  includes  the 
considerable  personnel  time  spent  dealing  with  software  and 
communications  problems.  In  our  experience,  the  benefits 
outweigh  Che  costs  when  supercomputer  usage  ap?r-.«ches  fifty 
hours  of  central  processor  time  or  when  starlonlnp.  a  student  at 
the  supercomputer  site  becomes  economically  feasible.  Therefore, 
today  suoercomputing  is  primarily  for  researchers  who  either  (1) 
spend  nearly  full-time  computing,  (ii)  work  near  a  supercomputer  5!^ 
site,  (ill)  have  research  budgets  so  small  Char  they  are  forced 
Co  deal  with  the  software  and  ccm.mu;:! cations  problems  in  order  ..ijiy 
Co  obtain  Che  lower  computer  costs,  or  (iv;  have  problems  so 
large  chat  latoratory  or  institutional  computers  cannot 
acconrrodate  che.m.  Users  with  lesser  needs  will  find  that 
personal  computers  with  their  superior  software  (e.g.,  a  Compaq) 
or  laboratory  computers  with  their  user-friendly  and 
well- integrated  software  and  hard-ware  (e.g..  a  VAX,  possibly 
with  an  array  processor  attached)  offer  cost-offectlve  research 
computing  -.-Ith  a  minimum  .of„fruscration, _  _  _  .  _  _ ^ 


Thera  ere  major  efforts  in  progress  to  Improve  the 
user-friendliness  of  supercomputer  software  and  to.  develop 
high-speed  communications  between  supercomputers  and  remote 
installations.  If  these  efforts  fulfill  their  advertised 
promise,  supercomputers  will  become  much  more  useful  and 
accessible  for  casual  computations.  Nevertheless,  in  the  near 
future,  most  solid  state  physicists  will  perform  most  of  their 
program  development  and  debugging  on  personal  or  laboratory 
computers  -•  and  will  transfer  large-scale  production 
computation  to  supercomputers. 

In  the  next  decade  we  expect  institutions  such  as  research 
universities  to  develop  balanced,  integrated  computer  networks. 
The  large-  universities  will  own  supercomputers,  while  the 
smaller  ones  will  have  high-speed  data  links  to  supercomputer 
centers.  Universitier  will  continue  to  have  computer  and 
graphics  centers  for  handling  moderately  heavy  computation  and 
for  shifting  the  Jobs  that  demand  extremely  fast  computation  to 
supercomputers.  Individual  researchers  and  research  groups  will 
continue  to  have  laboratory  computers  dedicated  to  specific 
tasks  and  will  use  these  computers  to  debug  codes  that  are 
shipped  to  supercomputers  for  rapid  execution.  These  laboratory 
computers  will  be  replaced  every  five  years  or  so,  with  the  old 
computers  being  incorporated  into  university-wide  networks 
designed  primarily  for  student  use.  All  lower  levels  of  computer 
usage  for  research,  such  as  personal  computer  usage,  will  also 
be  incorporated  into  the  same  networks. 

This  picture  of  the  near-term  evolution  of  research 
computing  into  a  stratified  system,  with  different  strata  having 
different  but  complementary  functions,  is  the  basis  for  our 
projections  of  the  needs  for  supercomputers  in  solid  state 
physics. 

HI.  Solid  State  Physics  and' Supercomputing 

Solid  state  physics  is  an  extremely  broad  field  and  there 
are  many  problems  in  the  field  that  will  be  solved  using 
supercomputers.  Here  we  consider  only  two  typical  general 
problems;  understanding  the  electronic  and  vibrational 
structures  of  semiconductors.  Ue  argue  that  some  aspects  of 
these  problems  are  most  efficiently  solved  using  laboratory 
computers,  especially  when  one  accounts  for  the  accessibility  of 
laboratory  computers  in  comparison  with  most  supercomputers. 
Nevertheless,  there  are  many  interesting  research  questions  that 
can  be  answered  only  with  the  help  of  a  supercomputer  -•  and 
some  that  will  require  future-generation  supercomputers. 
Therefore  we  strongly  endorse  efforts  to  upgrade  the  country's 
supercomputing  capability,  and  to  make  supercomputers  widely 
accessible  to  materials  scientists  and  solid  state  physicists. 
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Fig.  1.  Predicted  electronic  structure  of  the  inetastable 
subsitutional  alloy  (inP)^.j^Ce2j^,  after  Ref.  (5). 


a)  Electronic  Structure 

Currently  theorists  can  predict  the  electronic  structures 
of  solids  with  a  high  degree  of  confidence  if  they  first  know 
the  sites  of  the  constituent  atoms.  The  calculations  Involved 
can  be  performed  on  a  laboratory  computer  if  there  is.  some 
regularity  or  periodicity  to  the  posltlci.s  of  the  .atomi  and:  If 
the  atomic  geometries  arcnot  too  complicated.  For  example,  the 
band  gap  of  a  metastable  substitutional  crystalline  alloy  such 
as  (inP)i  .,^Ge2j5  can  be  celculated  rather  well  (5j.  Fig.  I, 
because  this  semlconductive  alloy  Is  highly  covalent  and  si.Tvlar 
to  well-understood  (CaAs)2..,jGe2jj  (6!.  The  alloy  effects  can  be 
created  in  the  virtual-crystal  or  "ama.gamated"  approximation 
(7);  the  interactions  between  atoms  overpower  small  differences, 
in  the  energies  of  different  atoms,  making  the  electronic 
structure  Insensitive  to  the  details  of  alloy  configurations  or 
any  slight  lattice  relaxation. 


This  plsssanc  slcuaclon  falls  co  hold,  however,  (1)  once 
charge 'Cransfer  bacveen  acorns  beconies  Imporcanc  (l.e.,  for  Ionic 
sbUds),  of  (11)  once  atoms  in  ah  alloy  cluster  together,  or 
(111)  In  cases  such  chat  fluctuations  In  composition  beyond 
mean* field  theory  become  Important,  or  (Iv)  when  the  fundamental 
unit  cell  of  the  solid  is  coo  large.  For  such  problems, 
supercomputers  will  be  needed.  Furthermore,  attempts  to  develop 
a  fundamental  thermodynamics  of  solids  and  co  study 
electronically  driven  phase  transitions  or  defect  stabilized 
phases  using  actual  electronic  wavefuncclons  will  require 
massive  calculations  ••  on  supercomputers. 

b)  Vibrational  Structure 

Predictions  of  the  vibrational  structure  of  solids, 
particularly  in  the  spectral  neighborhood  of  the  optical  phonons 
are  very  sensitive  co  details  of  shocc*range  order  and  hence 
will  require  more  computing  p<>wer  chan  corresponding  electronic 
structure  problems.  In  fact,  the  phonon  spectrum  of  a  simple 
random  alloy,  such  as  (GaSb)^,^Ce2v.  1^  a  superposition  of  lines 
associated  with  the  different  bonds  (Fig.  2)  (8|,  with  the 
energy  of  each  line  depending  on  as  many  as  hundreds  of  atoms 
nearest  co  the  bond.  To  merely  solve  N’ewccn's  equations  of 
motion  for  such  a  single  cluster  of,  say,  1000  atoms  requires 
dlagonallzaclon  of  a  3000  by  3000  matrix  ••  In  the  simplest 
model  (shorc*ranged  forces,  rlgld>16ns). 

There  are  simply  too  many  different  alloy  configurations  co 
Include  them  all  If  one  allows  for  any  one  of:  anharmonlc 
forces,  long-ranged  Interactions,  atomic  polarization,  off-slce 
atomic  distortions,  finite  temperatures,  or  clustered  atomic 
configurations,  the  problem  of  calculating  the  phonon  spectrum 
of  this  simple  alloy  for'  even  a  few  alloy  configurations  becomes 
Intractable  even  with  today's  supercomputers.  This  problem 
awaits  future  generations  of  supercomputers  for  Its  solution. 
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rig.  2.  Predicted  phonon  density  of  states  of  metastabl* 
(CaSb) j^,j^Ge2v  alloy,  after  Ref.  (8).  The  dashed  line  is  what  la 
known  as'  the"  persistent  approximation. 


IV.  Sa-staary 


Clearly  supercompucers  will  have  a  profound  effect  on  the 
level  of  theoretical  understanding  of  solids,  especially  complex 
solids  such  as  superlattlces  or  micros tructures.  With  increasing 
supercomputer  speed,  the  solid  state  theorists  will  be  able  to 
treat  increasingly  complex  structures  In  electronic  materials  •• 
and,  before,  long,  will  be  able  to.  predict  the  , properties  of 
electronic  devices.  As  the  computing  elements  beccme  smaller, 
faster,  more  complex,  and  governed  by  quantum  rather  than 
classical  laws  of  physics,  the  laws  of  quantum  mechanics 
implemented  with  supercomputers  will  become  increasingly  capable 
of  predicting  the  properties  of  newer,  smaller,  and  yet  more 
powerful  circuit  elements.  One  of  the  ,  great  dreams  of 
theoretical  physics  will  be  realized:  Theory  will  be  able  to 
predict  new  man-made  elecct'onlc  device  structures  that,  when 
fabricated,  will  have  a  profound  effect  on  modern  culture. 
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The, energy  levels  of  antisite  defects  at  a  GaAs/Ge  ( 1 10)  interface  are  calculated  and  shown 
to  be  essentially  unaltered  with  rwpect  to  the  GaA  j  valence  band  maximum  by  different 
choices  of  the  valence  band  offset. 


I.  INTRODUCTION 

The  physics  of  impurities  and  defects  at  interfaces 
needs  considerable  development  as  a  result  of  the  in¬ 
creasing  scientific  and  technological  importance  of 
.semiconductor  superlattices  and  the  ability  to  fabricate 
superlatticijsiwith  very  thin  layers  (and  hence  large  in- 
terface-tofvolume  ratios).  Impurities  at  interfaces  are 
known  to  have  diffefcht  deep  impurity-levels  from  those 
in  the  bull;'^  because  of  the  reduced  point  group  sym- 
m«ry:  C,  for  a  GaAs/Ge  ( 1 10)  interface  with  its 
( iTO)  reflation  plane,  instead  of  fj.  *  In  the  bulk,  an  j- 
and  /»-bot!ded  impurity  would  normally  produce  four 
deep  level*  m  the  '  icinity  of  the  fundamental  bahdgap^ 
one  5-like |  level  and  a  triply  degenerate  /7-like  Tj  lev- 
el.''  The  iiiierface  shifts  the  level  and  splits  the  T, 
level  into  t>vp  nearly  degenerate  jr-lik*'  a'-  and  a  "-sym¬ 
metric  levels*  and  a  cr-like  o'*  or  o,  level.®  (See  Figs.  1 
and  2. )  The  splitting  of  the  tr-like  levels  is  due  to  second- 
and  more-distant  neighbors. 

A  numbcvof  papers  have  dealt  with  the  physics  of 
deep  impurity  levels  at  interfaces,®’’  although  many 
more  have  considered  deep  levels  at  surfaces.  One 
feature  of  interfacial  deep  levels  that  has  not  been  ade¬ 
quately  explored  is  how  the  energies  of  deep  impurities 
depend  on  valence-band  offsets,  few  of  which  are  known 
accurately.  In  this  article  we  present  theoretical  results 
bearing  on  this  question,  taking  as  our  prototypical  de¬ 
fect  .As  on  a  Ga  interfacial  site  of  a  GaAs/Ge  (110) 
perfect  heterc, 'unction. 

II.  CALCULATIONS 

Our  calculations  are  based  on  an  empirical  tight- 
binding  model  of  electronic  structure,  and  they  use  a 
Hamiltonian  whose  m.itrix  elements  reproduce  the 
known  (low-temperature)  bandgapsofGaAsandGe.'’ 
The  defect  potential  matri.x  V  is  constructed  using  the 
rules  of  Hjalmarson  et  o/.'*  The  Hamiltonian  for  the 


"  l’re^e.•u  address;  Te.xaS  lii'.'.’-aments.  Richardsa:.,  Te.\as. 
•”  Permanem  address. 


( 1 10)  interface  between  GaAs  and  Ge  is  constructed, 
and  the  interfacial  Green’s  function  is  computed,  as  dis¬ 
cussed  in  Refs.  2  and  4.  Then  the  interfacial  deep  levels 
are  computed  using  the  theory  of  Hjalmarson  et  al.'^ 
Details  of  the  calculational  procedure  are  available.” 

In  constructing  the  Hamiltonian  for  the  interface, 
we  must  know  the  valence-band  offset,  because  the  elec¬ 
tronic  structure  theory  of  Vogl  et  al.''  assumes  that  the 
zero  of  energy  for  each  semiconductor  lies  at  the  va- 
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G  e 

As  ! 

(Ge) 

®! 

(0  Ge 

As  1 

• 

/"'v 

;Ge; 

Gc  1 

Ge 

• 

As  1 

• 

Ge 

Interface 

FIO.  1.  Schematic  illustration  of  an  ASp,  defect  at  a  GaAs/Ge  (110) 
interface.  The  defect's  nearest-neigh^'or  environment  is  thes.tme  as  for 
ASc.  in  bulk  GaAs.  cscept  foroncGcatc.m  tin  solid  circle).  This  one 
Ge  atom  will  shift  the  ASq^  s-like.t,  dap  level  and  split  the  ASq,  p- 
like  TV-level  into  a  rrdike  a’  level  polarized  along  the  As,,, -Ge  axis, 
plus  a  twofold  degenerate  .r-like  level  polarized  perpendicularly  to  the 
As^j-Ge  axiS.-The  odike  level  mi'Vss  up  in  energy  because  fie  is  more 
electropositive  than  the  As  ;.lem  of  bulk  GaAs  that  it  replavs  The  tr- 
like  level  lies  very  near  the  bulk  T  level  and  is  split  into  «'  (higher 
energy)  and  a"  levels  by  the  second-neiglilior  Ge  atoms  (in  dashed 
ciiciev  The  tiitenace  between  GaAs  and  Ge  is  denoted  by  a  chained 
line. 
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FIG.  2.  Predicted  energy  levels  near  the  fundamental  bandgap  for  the 
Asq^  defect  in  GaAs  at  a  GaAs/Ge  interface.  We  assumed  band  off¬ 
sets  of  (a)  0.73  eV'-'  arid  (b)  0.41  eV."’  Dashed  levels  are  resonant 
with  the  bands  of  either  GaAs  or  Ge. 


lence-band  ma.ximum.  For  Oa  As/Ge,  which  is  thought 
to  be  a  type  I  heterojunction,  the  valence-band  maxi¬ 
mum  of  Ge  lies  at  higher  energy  by  A£,.  than  that  of 
GaAs  (and  the  conduction  band  minimum  lies  at  lower 
energy).  The  value  of  the  band-offset  A£,,  is  controver¬ 
sial,  however.  Therefore  we  repeat  our  calculations  for 
each  of  two  commonly  cited  theories  of  band  offsets: 
(i)  the  Frensley-Kroemer  theory,  which  predicts 
A£,.  =0.73  eV*  and  (ii)  the  Harrison  theory,  which 
predicts  A£,,  =  0.41  eV,''*  TJiere  have  been  numerous 
other  theories  of  band  offsets,  such  as  the  electron-affin¬ 
ity  rule,’’  including  some  very  recent  ones"*;  but  none 
can  be  considered  quantitatively  reliable,  since  the 
many-electron  and  lattice-relaxation  effects  omitted 
from  all  of  these  theories  typically  account  for  theoreti¬ 
cal  uncertainties  of  several  tenths  of  an  eV.  Neverthe¬ 
less,  the  values  AE,.  =  0.73  eV  and  0.41  eV  span  a  rea¬ 
sonable  range  of  band  offsets  and  will  serve  the  purpose 
of  displaying  any  significant  dependences  of  deep  levels 
on  AiE?,,. 

We  calculate  the  deep  levels  associated  with  interfa¬ 
cial  Ga  and  .As  antisite  defects  in  GaAs  at  a  GaAs.''Ge 
(110)  interface.  For  all  choices  of  the  band-offset  A£,  . 
we  find  that  the  deep  levels  of  Ga^^  lie  distant  from  the 
bandgap  and  that  the  As  defect  on  the  interfacial  Ga 
site,  Asoj.  produces  three  p-like  deep  levels  in  or  near 
the  common  rundamemal  bandgap  of  GaAs/Ge:  two 
lower-encrt;y.  nearly  degenerate  s’-like  levels  that  are 
almost  ai  same  energy  as  the  bulk  £-  level  and  a 
higher-eneigy  (/-like  a'  level.  The  upper  r-like  level  is 
also  offl'  symmetry*  and  has  positive  parity  with  respect 
to  the  ( 11(1;  reflection  plane,  whereas  the  lower  level  is 
a"  symmetric,  with  negative  parity.  (The  cr-likea'  level 
lies  at  higher  energy  than  the  ir-like  levels  because  Ge  is 
more  electropositive  than  the  As  atom  of  bulk  Ga.As 
tha*  the  Ge  replaces  when  the  interface  is  formed.)  Our 
calculations  show  that,  to  a  very  good  approximation. 


the  energies  of  these  three  levels  are  fi.xed  relative  to  the 
valence-band  ma.ximum  of  Ga.As  and  are  independent 
of  the  band  offset.  (See  Fig.  2.) 

This  result  can  be  understood  rather  simply:  The 
primary  effect  of  replacing  half  of  a  GaAs  crystal  with 
Ge,  from  the  point  of  view  of  an  interfacial  Asq^  ,  re.sults 
from  the  replacement  of  the  defect’s  neighboring  As 
atom  by  a  Ge  atom.  The  Ge  atom  perturbs  the  bulk 
ASq^  deep  level  with  a  perturbation  potential  whose  size 
can  be  estimated  as  roughly  the  difference  in  Ge  and  As 
x-atomic  orbital  energies,'*  of  order  3  eV.  The  resulting 
level  shift  is  considerably  smaller  (by  almost  an  order  of 
magnitude),  however,  because  onlj  a  fraction  of  the 
Asq,  deep-level  wavefunctipn  overlaps  the  Ge  pertur¬ 
bation. (Recall  the  first -order, perturbation  expres¬ 
sion  for  energy  shifts.*' )  This  fractior  is  even  smaller  for 
the  --like  a'  and  a"  states  than  for  the  cr-like  a'  state. 
Therefore,  although  the  perturbation  associated  with 
replacing  As  by  Ge  is  of  order  ~  3  eV.  the  resulting  level 
shifts  are  about  an  order  of  magnitude  smaller:  0. 1  eV 
for  the  s’-like  states  and  0.6  eV  for  the  cr-like  state.  Fur¬ 
thermore,  changes  in  band  offset  of  order  0.3  eV  should 
be  viewed  as  changes  in  the  perturbatioti  by  Ge  of  order 
10%  and  therefore  cause  - 10%  changes  of  the  already 
small  level  shifts:  only  0.01  to  0.06  eV — a  negligible  few 
hundredths  of  .a.i  eV. 

III.  CONCLUSIONS 

Therefore  we  find  that  the  deep  levels  of  inter'acial 
defects  are  dift'erent  from  the  deep  levels  of  the  same 
defects  in  the  bulk,  and  that,  when  measured  relative  to 
the  valence-band  maximum  of  the  material  in  which 
they  reside,  are  (to  a  good  approximation)  independent 
of  the  energy  of  the  valence  band  edge  of  the  other  mate¬ 
rial  and  the  band  offset  of  the  heterostructure.  These 
results,  although  obtained  for  an  Asqj  defect  at  a 
GaAs/Ge  ( 1 10)  interface,  are  more  univcr.'ally  valid 
and  can  be  expected  to  hold  in  general  for  substitutional 
interfacial  defects  at  pe*fcct  semiconductor  interfaces. 
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BAND  STRUCTURE  OF  InN 

David  W.  Jankins,  RunrDl  Hong,  and  John  D.  Dou 
Deparcaanc  of  Physics,  \Unlversicy  of  Nocra  Dane 
Nocra  Dana,  Indiana  466S6,  U.S.A. 

(Racaived  15  May  1987) 


Tha  enargy  band  sccuccura  of  uurczlca>scruccura  seoiconduceiva  InK  is 
pradiecad  using  aapirical  naarasc*naighbor  cighc*binding  cheory.  The 
'ighc-binding  paranaears  ..era  axcrapolacad  fron  chose  of  zincblende  InP, 
InAs,,  and  InSb  by  using  eapiclcal  rulas  for  Che  dependences  of  Che 
paranaears  on  bond  langchi  and  on  row  of  the  Par iodic  Table.  The 
pcedlccad  band  gap  is  direec  and  agrees  well  wich  Cha  daca  for  this 
pocanelal  orange  llghc*anieeerv  Ic  is  isuggasced-  chac  zincblende  InN^  if 
ie  can  be  grown\  also  will  hava  a  band>gap  near.  2  aV. 


1.  Incrodueeion 

The  recenc  successful  growth  (lO]  of 
high'iiobilicy,  polycry.'iCalline  InN  with  a  dir'ace 
fundaneneal  band  gap  in  the  orange  pare  of  the 
spacerun  (2.05  aV  (2)}  suggases  ehae  this  haw 
macaria'l  might  soma  day  be  fashioned  into  large 
band-gap  solid  seaca  lasers.  Ie  is  widely 
baliavad' ehae  III-V  maearials  are  more  easily 
doped  both  h-  and  p*cype  chan  the  large  band- gap 
!Il-yi  saniconduceors,  and  so  a  '2  aV-gap  lll-V 
saniconduecor  such  as  InN  nay  find . exciting 
applieacions  as  a  visible  lighe-amiceing  diode 
and  laser.  To  scimulaca  more  research  on  the 
optical  propareiec  of  InN,  we  prasane  hare 
predictions  of  its  energy  hand  structure. 

.The  predicted- band  structure  is  based  on  a 
naarase-naighber  empirical  tight-binding  nodal 
of  wurtziee  saniconduceors,  with  an  sp^  basis -ae 
each  atonic  site  (^-6).  This  nodal  has 
successfully  described  the  electronic  seruceuras 
and  deep  inpurity  levels  of  a  humbar  of  other 
wureziea  saniconduceors  wich  large,  indirect 
fundamental  band  gaps  [6,7],  Tha  basis  sac 
consists  of  one  s  and  three  p  orbitals  cantered 
on  each  atomic  site.  Hence  tha  Hamiltonian 
matrix,  for  fixed  wavevaetor  S,  is  16x16.  This 
matrix  is  displayed  explicitly  in  Ref.  (6). 


2.  Band  structure  of  vurtzita  InN 

To  determine  the  band  structure  of  InN,  we 
muse  first  determine-  the  eight-binding 
parameters,  namely  the  diagonal  matrix  element's 
E  and  the  off-diagonal  elements  V  [6],  and  then 
diagonalize  the  Hamiltonian  matrix.  Ue  obtain 
the  tight-binding  parameters  for  vurtzita  InN 
from  those  of  zincblende  InP,  InA^,  and  InSb, 
because  the  zincblende  parameters  are  known  (and 
exhibit  chemical  trends)  (8)  and  the 
nearest-neighbor  environments  of  the  two  crystal 
structures  are  virtually  the  sane  (9), 


The  on-site  matrix  eUments  E  for  InN  wera 
deteminad  as  follows:  The  three  matrix  elements 
of  InP  (Row  3  of  the  Periodic  Table) ,  InAs  (Row 
4) ,  and  InSb  (Row  5)  defined  a  parabolic 
function  of  r,  where  r  is  the  Row  of  the 
Periodic,  .Table.  Ue  took  the  value  of  this 
function  for  r  >  2  to  be  the  on-site  matrix 
elahenc'  for  InN,  As  -expected,  the  resulting 
matrix  elements  for  the  N-site  were  only  weakly 
dependent  cn  r,  and -the  In-titt  matrix  elements, 
rdfleeted  the  same  chemical  trends  as  the  atomic 
orbital  energies  Wj  18,10).  (For  a  tabulation  of 
chose  energies,  see  Ref.  (8).) 

Tha  off-diagonal  matrix  elements  V  were 
assumed  to  fellow. Harrison's  rule  (11):  They  are 
proportional  to  the  inverse  square  of  the  Vend 
length  (9),  and  vert  obtained  by  multiplying  the 


TABIX  I.  Tight  binding  paraneters  (in  eV)  for 
InN-  in  the  notation  of. Ref.  [6].  The  parameters 
are  the  same  for  vurtzita  and  zincblende 
structures;  for  the  zincblende  structure  chore 
are  additional  parameters  associated  with  the  s* 
orbital  (7). 


E(s.a) 

•7.0721 

E(p.e) 

0.7531 

E(s,e) 

•0.6766 

E(p.c) 

4.0306 

V(s.s) 

•5.1158 

V(x.x) 

1.7511 

V(x.y) 

3.8027 

V(sa,pc) 

1.8009 

V(pa,sc) 

5.3898 
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(a)  (b) 

Fig.  1.  BrlllouiVt  zonai  of  che  (a)  wurczlct 
and  (b)  zlneblanda  cryscal  aeruccuraa. 


Wurtzite  jnN 


Inr  valuta  by  cht  aquart  of  eha  ratio  of  bond 
Ungcha  for  In?  and  InN. 

ITit  rtauleing  paraatctrs  art  prtstnrtd  In 
Tablt  I;  tht  Srillouln  zona  of  cht  wurczlct 
atruccurt  ia  In  Fig.  la  (12|.  and  cht  prtdlcctd 
band  scruccurt  -f  InN  la  dlaplaytd  In  Fig.  2. 

Our  band  acruccuro  la  In  good  agreemtnc  v<:,ch 
tht  principal  txptrlntncal  'face  (1):  ut  find  a 


dlrtct  fundaatncal  band  gap  of  2.2  tV  (at  low 
etaptracurt) ,  coapartd  uleh  cht  axpariatncat 
valut  of  '1.9  tV  at  reoa  etaptracurt  {2]. 
Conaldtrlng  that  cht  chtory  obc.ilna'  a  2  tV  zap 
by  acallng  peraatetrt  for  InP,  InAt,  and  InSb, 
all  of  which  havt  considerably  saaller  band  gapa 
(l.il,  0.43i  and  0,23  tV,  reapecclvtly) ,  cht 
agrttatnc  with  cht  data  la  rtaarkable. 


Energy  (eV) 
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significant  qualitative  and  quantitative 
differences  between  our  bands  and  the 
pseudopotential  bands  (Fig.  3),  and  we  have 
reason  to  believe  that  the  tight-binding  band 
structure  is  nofe  realistic  (l^j.  Based  on 
experience  with  sincblende  (8)  and  the  other 
wurtzite  (Sj  semiconductors,  we  expect  our 
valence  bands  and  the  lowest  conduction  bands  to 
mimic  the  real  band  structure  rather  well,  up  to 
3  eV  above  the  valence  band .maximum . 

tfe  propose  that  experimental  studies  of 
wurtzite  InN,  including  angle -dependent 
photoemission  and  electren  energy-loss 
spectroscopy,  be  initiated  to  resolve  the 
.discrepancies  .'between  the  two  theories  and  to 
deteriiine  the  correct  band,  structure  of  this 
potantial  orange  lignt  emitter. 


3.  Zincblende  Inh' 

A  LM  FA  HK  T;  It  is  interesting  to  speculate  about  the 

properties  of  zincblende-strueture  laS,  on  the 
WOVS^VGCtOr  k  grounds  that  it  might  be  possible  to  grow 

metastable  zincblende  InN  in  a  layered 
Fig,  3.  Band  structure  of  wurtzite  InN,  after  structure,  much  as  zincblende  Znj^.j^Mn^Se  was 
Ref.  [1],  for  comparison  with  Fig.  2.  gtown  between.  ZnSe  layers  for  0.3  <  x  <  0.7  by 

Kblbdziejski  etal.  (IS),  despite  its  preference 
for  the  wurtzite  phase  for  0.3  <  x  <  0.6. 
The  general  structure  of  the  valence  bands  -is  Because  of.  the  small  covalent  radius  of  N,  few 

similar  to  that  obtained  both  experimentally  and  of  the  common  semiconductor  materials  lattice- 

theoretically  :for  other  wurtzite-  semiconductors  match  well  to -InN;  for  example,  SiC,  A2N,  BP, 

(13),  lending 'further -credence- to  the -results.  CaH-,  and  Si  have-bond- length  mismatches  with  InN 

We  are  aware  of  only  one  calculation  of  the  of. -14%,  13%,  9%-,  8%,  and  -8%,.  respectively, 

band  structure  of  laS  that  predates  this-  work,  a  Clearly  the  stabillzatioh- of  the  zincblende  fora 

calculation  based  on  the  empirical  of  InN  in  a  suitable  artificial  layered 
pseuddpotencial  m^^-hod  (1,2).  There  are-  structure  represents' quite- a  challenge. 


6.00 
4.00 
>  2.00 
X  0.00 

o> 

Z  -2.00 

c 

‘^-4.00 
-6.00 
-8.00 

L  r  X  r 

Wave-vector  K 

Fig.  4.  Predicted  band  structure  of  zincblende 
InN. 
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In  Cht  hop•^o£  sciaulacing  tfforcs  co  grow 
zlncbUnda  InN  w«  hav,*  prtdlecad  In  Fig.  4  ics 
band  acructura,  using,' cha  aodal  of  Vogl  ec  al. 
(I),  ulch  cha  t  and)  p  Haaileonlan  raacrlx 
alaaancs  of  Tablt  I  and  s*  matrix  alamtncs  (7) 
obcalnad  by  cht  sana  bachod  of  extrapolation 
usad  for  cha  wurtzlca-  aacrix  alenencs.  (The 
zlhcbithdt  Brlilouln  zone  Is  displayed  In  Fl^. 
lb.)  The  fundanencal  banit  gap  Is  cha-same  In  cha 
zincblende  scruecure  as  In  cha  wurczlcr 
scruecure  for  the  sp^'wurczlct  nearesc-nelghbor 
clghc-blnbing  theory  and' the  sp^s*  Vogl  model  of 
Che  zincblende  scruecure,  namely  2.2  eV,  or 

2  Eg,p  -  E(s.a)  +  E(s.c)  -  E(p,a)  •  E(p.e) 

+  (  (E(s.a)-E(s,c))2  +  4  |l/2 
(  (E(p.a)-E(p.e))2  +  4  jl/2 

Here  we  have  used  the  noeacion  of  Ref.  |S]. 

One  unique  feature  of  the  predicted  band 
scruecures  Is  Che  width  of  the  valence  bands, 
which  for  both  wurtzlca  and  zincblende  IhN  Is 
abouc  half  what  one  flhd.t  for  ocher  similar 
sanlconductors.  fhasa  narrow  widths  may  ba  an 
artifact  of  cha  modal,  howwar;  for  example,  a 
similar  tlght'-blndlng  theory  of  AfN  produced  a 
valence  band  width  larger  than  sutisaquencly 
predicted  by  the  local*densley  psaudo>funccloh 
method  (16],  In  this  regard,  we  note  chat  Tsai 
ec  ai.  [17]  and'  Chrlscehsah'  [it]  have  very 
recently  Independently  communicated  co  us 
local'dentlcy  band  sccuecurea  which  feature 
broader  valence  bands,  tocal*denslcy  cheory, 
however,  generally  produces  a  fundamental  band 
gap  chat  Is  much  coo  small,  and  so  the  Issue  of 
which  theory  is  superior  should  be  resolved 
eicperimencally,  Vt  do  note  chat  we  can  adjust 
Che  parameters  of  the  model  co  obtain  broader 
valence  bands  while  retaining  the  2  eV  gap,  but 
such  adjusted  parameters  would  not  have  the  a 
priori  status  of  tH'e  present  parameters.  Such 
adjustments  would  not  greatly  affect  predictions 
for  either  the-  band  gaps  of  InN*basad  alloys 
(such  as  Ini  .^Ca^.S)  or  the  electronic  states 
near  the  fundamental  band  gap  associated  with 
localized  perturbations,  such  as  deep  levels 
[19].  Therefore,  the  model  should  prove. useful, 
.even  If  It  Is  shown  co  predict  valence  bands 
chat , are- somewhat  narrow. 

4.  Summary 

In  summary,  InH  In  either  the  wurzlte  or  the 
zincblende  form  Is  expected  to  be  an  Interesting 
optoelectronic  material  with  a  band  gap  In  or 
near  the  orange  part  of  the  spectrum.  It  would' 
be  Interesting  If  either  of  these  'materials 
could  be  grown  with  eleetronlc>grade  quality, 
a.nd  the  pradlcclonsi  of  this  paper  tested. 
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The  X-ray  photoemission,  absorption,  and  emission  spectra  of  a  one-dimensional,  one- 
orbital-per-site  model  of  an  ordered  binary  compound  AB  and  its  disordcrcd.couhurparts 
A|.,B|.,BA>  -ire  calculated.  With  increasing  x,  the  band  gap  ot  this  model  changes  from 
being  'arge  (’nsulating)  to  very' small  (semiconductive).  Final-state  interaction  eifccts  thrt 
produ.s  ekct.'Oi.ic  excitation  of  valence  electrons  across  the  gap  are  incorporated  in  a 
c.hange^f-mean-Aeld  approximation.  The  spectra  exhibit  sidebands  associated  with 
disorder  and  distinctive  features  associated  with  the  characterof  the  one-electron  states  and 
excitor  ic, states. 

1.  Ihtrdductior 

In  this  paper  we  report  calculations  of  the  X-ray  photoemission,  absorption, 
and  emission  spectra  of  t  one-dimensional  model  of  an  ordered  diatomic 
compound  AB,  and  of  its  disordered  counterparts  with  various 

concentrations  x  of  antisite  defects.  With  increasing  .v  this  model  changes  from 
having  a  large  band  gap  (an  insulator)  to  having  a  sufficientiy  small  gap  and  den¬ 
sity  of  state.'  m  tiie  vicinity  of  the  Fermi  surface  that  it  is  semiconductive.  Tl.c 
calculations  are  based  or  a  one-electron  and  one-orbital  per  site  tight-binding 
model,  and  incorporate  many-elec:ron  final-state  interaction  effe-ts  in  '>  chai.ge- 
of-mean-field  approximation.'  To  our  knowledge,  this  is  the  first  treatment  of  a 
model  for  such  muiti-electron  processes  in  diatomic  compounds,  either  ordered 
or  disordered. 

2.  Model 

In  the  change  of  mean-field  model,  we  treat  only  the  valence  and  conduction 
electrons,  which  in  the  initial  state  for  X-ray  phoioemission  are  described  by  the 
A-cleciroii  Hamiltonian 
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(1) 

f«>l 

where  we  have  ihc  iighi-hindiritj  one-electron  Hamiltonian 

A,-  y]/:0.o|/i)(n|  +  )S|rt)(/i  -r  +  -r  (2) 

/!•! 

^^ere  j/i)  refers  to  the  orbital  at  the  «-th  site  of  M  sites,  £(«)  is  either  or  £«  >  and  fi 
is  the  transfer  matrix  element.  For  the  disordered  solid,  e{n)  is  with  probability 
1  — xand  £b  with  probability  .v.  if  n  is  even;  e{n)  is  eg  with  probability  1  —a* and 
with  piobability  x,  if  n  is  odd.  For  the  ordered  solid,  we  have  '*  -  0. 

The  f.nal-state  Hamiltonian  is 

.V 

(3) 

/•I 

where is  identic.-.!  to  h, ,  except  at  ?lic  site.R  of  the  core  hole  —  which  has  an 
additional  electron-hole  interaction  term  I’  ‘ »  Kg  jR)  (Rj ,  with  Kg  <  0 .  The  initjal 
many-eleciron  s»ate  j.'i  is  a  Slater  determinant  of  the  N  lowest-energy  single- 
particle  C;  jital  eigenfun.tioits  \4i)  of  h.  The  car.aus  final-states  jFv)  are  determi¬ 
nants  of  .Veironfunctions \u/)  o  'h'. 

Here  we  consider  onh  a  sii;gle-spin  channel  (up),  because  the  effects  of  the 
spin-d-iwr.  channel  car  be  included  a  posterior:  by  convolution'  and  merely  ser.'e 
to  asymmetricaily  broaden  the  single-chanjiel  spact-a  slightly,  without  altering 
the  essential  physics.  Hence,  in  this  paper,  the  number  of  electrons, .V  is  half  the 
number  of -iics  \f\  the  Firms  energy  is  halfway  between  c^andf  which  we 
define  ’o  be  zero:  «  -Cr  . 

In  the  chaiif-of-incan-field  mussel  the  X-ray  photoemission  spectrum  (XPS) 
for  photoelectrnns  energy  £  is 

HE)  -  2]  .  (4) 


Here  £f,  anc.  £/  a-e  »he  final-  und  initial-state  energies  of  the  conduction  elect-on 
gas  and  Cjore  is  il?  .*  core  hole  energy  relative  to  the  center  of  the  conduction  band. 
The  XPS  rec-jil  energy  is 


I  t 


where  the  sums  .-’.re  over  occupied  final-  and  initial-state  single-particle  energies. 
Likewise  the  X-ray  emission  spectrum  foi  photons  of  energy  £  is 


x-(£)  »  I.,l{£fi;Ui/)f  J(£  -  E,  +  £,,)., 


(6) 
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where  the  initial  state  [/)  is  a  determinant  of  ;V  +  I  (^)'s,  and  the  various  final 
states  |fV)  are  configurations  described  by  determinants  of  A^<^)'s  and  on<*  core 
orbital; 


V/|(R)  V':(R)  ••• 

(0,.i|V'i) 

{F\vM\I)~Mo(0M  (7) 

. . .  |(<^,.iv|(«'jy+i) 


Here  iil>\if/)  is  a  scalar  product,  R  is  the  core  hole  site,  and  we  have  assumed  that 
the  core  radius  is  negligible*  and  Mq  is  a  constant.  A  similar  expression  holds  for 
.^T-ray  abbrptioh.^?' 

We  have  the  sum  rules  for  XPS' 

ri(£)dE~l.  (8) 

y  -.®. 

and  for  emission^ 


where  the  suni  is  over-occupied  orbitals  of  the  initial'state. 

The.liheshapcs  we  display  are  ensemble  averages  (denoted  by 
all  core^hole  sites  (typically  1000  such  sites);, e.g., 


(9) 

.,.>>)^over 


X(E) »  « I.  KE  !A/1/)P  A/o"  -E,  +  Er,) »  .  (10) 


The  procedure  for  executing  the  calculations  has  been  described  elsewhere’'^ 
Briefly,  we  have  directly  diagonalized  the  Hamiltonian  tor  A'  -•  20  electrons  and 
Af  —  40>5ites,  with  the  core-hole  site  beitig  one  of  the  ten  innermost  sites. 


3.  Results 

The  results  of  our  calculations  (for  0  *•  - 1/2,  Vq  «  —2\0\,  Cs  "  and 
Sa  **  ^^b)  are  given  in  Figs.  1  and  2,  3  and  4,  and  5  and  6,.  for  X-ray 
photocmission.  X-ray  absorption,  and  X-ray  emission,  respectively. 

These  spectra  can  be  understood  by  referring  to  the  density  of  state?*  ®  (Fig.  7), 
which  feature  a  filled  A-likc  valence  band  and  an  empty  B*likc  conduction  band 
(for  A*  »  0)  which  both  develop  sidebands  associated  with  antisitc  defects  (e.g., 
AB.A.AAB)  and  clusters  of  defects  as  a  result  of  disorder  (for. v  0).  For  sufficient 
disorder  (.v  >0.1)  the  gap  between  the  valence  and  the  conduction  bands  becomes 
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(  E  +  €„„  )/2|^| 

Fig.  3:  Predicted  X>rav  absorption  spectra  ;((£)  for  excitation  of  a  core  level  at  the  A>site,  as  in  Fig.  1 . 


Fig.  4.  Predicted  X-ray  absorption  spectra  z(£)  for  exciution  of.-,  core  level  at  the  B-site.  as  in  Fig.  1 . 


ver/  small.  That  is,  the  disorder  converts  the  model  material  from  insulating  lo 
semiconductive. 

Further  aids  to  understanding  the  spectra  are  Figs.  8  and  9,  which  display  for 
the  ordered  diatomic  material  AB  the  total  density  of  states,  the  local  densities  of 
states  at  the  A  and  B  sites,  and  the  hole-penurbed  densities  of  states  at  the  A  and 
B  sites.  Note  that  the  hole-pcnurbed  local  den  dty  of  states  at  the  B-site  has  tW6 
bound  states,  one  associated  'vith  each  band.  biittUiat  at  the  A-site  there  is  only  an 
A-band  bound  state. 
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Fig.  5.  Predicted  A-site  X-ray  emiision  spectra  /(£);  as  in  Fig.  1. 


Fig.  6.  Predicted  B-site  X-ray  emission  spectra  /(£).  as  in  Fig.  I. 


a)  XPS  spectra 

The  X-i^ay  photocmission  spectra  (XPS)  for  creation  of  a  core  hole  at  site  A 
(Fig.  1)  each  have  a  large  peak  [at(£  — /Iw— Ca„)/2|^j2:  l]  associated  with 
photoemission  from  the  core.  For  x  *•  0,  this  peak  is  symmetric.  There  is  a  low- 
energy  sideband  (at  (£  -  £„>«)/ 2 1/)1 »  -  2.5]  corresponding  to  accompany¬ 

ing  excitations  of  the  oleciron  .gas  .O'om  the  bound  state  of  the  (fill 'd)  A  band  to 
the  empty  E  band  (see  Fig.  9).  For  x  #  0,  the  structure  near  (£  - 
s  —  2|/?j  corresponds  to  disorder-activated  excitations  from  near  the  top  of  the 


-2 


I 


2 


0 

E /2\$\ 

Fig.  7.  Broadened  densities*  of  states  (times  2|^|,  the  unit  of  energy)  versus  £/2!.9|  for 
with  X  "  O.i  (solid  line),  x  0.3  (dashed),  and  x  0.5  (chained).  Levels  with  £  <  0  lie  below  the 
Fermi  energy  £f  ■  0  and  are  occupied  at  zero  temperature.  For  x  ••  0.1.  the  chamcte.-istic 
|£  -  £a|"''’  van  Hove  singularities  are  blurred  slightly.  For  Ir.rger  x,  antisiie-defect  peaks  are 
prominent,  small  sidebands  associated  with  clusters  of  antisite  defects  arc  visible,  and  band<enter 
^aks  associated  with  disorder  are  present.' 


filled  A  band  to  the  empty  B  band  (zee  Fig.  7).  With  increasing  disorder  the.gan 
between  the  filled  A  band  and  the  emp*  B  band  fills  in,  and  the  main  peak 
becomes  more  asymmetric,  due  to  low  energy  excitations  of  the  electron  gas 
across  the  gap  from  below  the  Fermi  energy  to  above.  (These  e.xcitations  are 
forbidden  for  x  «  0,  because  the  model  is  insulating  in  this  limit  —  there  are  no 
states  in  the  band  gap  of  4|/?|.) 

XPS  at  the  B  site  (Fig.  2)  produces  a  nearly  recoilless  peak  at  £  -•  =s  0, 

and  a  peak  at  as  - 1.7  corresponding  to  transitions  from  the  filled  band  to  the 
empty  bound  state  (see  Fig.  8)  of  the  B  band.  The  sidebands  of  the  main  peak 
associated  with  disorder  are  due  to  transitions  from  filled  to  empty  states.  -In 
particular  the  small  peak  at,(£  -  /Iw-s„rt)  -  0.6  is  associated  with  shape- 
resonance  excitations  of  the  lowest  density-of-states  peak  above  the  Fermi  energy 
from  below  the  Fermi  energy  (where  it  is  pulled  by  the  core  hole)  to  above.’ 

b)  Absorption  spectra 

At  the  A-site,  the  ab.sorption  is  .'datively  weak  and  featureless  because  the  core- 
hole  state  has  A  character  and  the  character  of  the  conduction  band  is  weak 
(Fig.  3). 
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Fig.  8.  Various  calculaied  densif  es  of  sutes  (DOS)  (tim«:$  2!)?|)  of  a  perfect  AB.cryswJ:  total  DOS; 
local  DOS  at  an  A>$it.",  and  local  DOS  at  a  ^site.  Note  that  the  uppet  part  of  the  valence  band  is 
totally  A'iike  and  the  lower  part  of  the  conduction  band  is  B<Iike. 


At  the  B*site  (Fig.  4),  there  is  a  strong  absorption  peak  for  .c  —  0  corresponding 
to  electronic  transitions  from  the  B-like  core-hole  level  to  the  bound  e.'cciton  state 
of  the  empty  B  band.  This  excitonic  level  has  a  strong  B«like  character.  In 
addition,  a  higher  energy  peak  [near  (£’+Ca,„)/2|^|  =s  l.Oj  corresponds  to  transi¬ 
tions  into  the  B  continuum.  Disorder  {x  /  0)  merely  serves  to  add  sidebands  and 
shape  resonance"’  to  the  spectrum. 

e)  Emission  sperua 

For  a  core- hole  at  the  A-site,  the  emission  spectra  reflect  the  A-likc  density  of 
states  of  the  valence  band,  and  exhibit  disorder-activated  sidebands.  The  initial 
states  each  has  one  electron.ai  the  B-band  minimum  which  prefers  to  project  onto 
a  final-state  B-like  one-clectroh:orbital,  causing  the  spectra  to  e.rhibit  the  .A-like 
character  of  the  remaining  electrons. 

’.However,  for  a  core-hole  at  the  B-site,  the  spectra  for  x  -  0  reveal'  two 
interesting  features:  (i)  a  main  peak  near  ~  0  corresponding  to  the 

electro."  -n  the  excitonic  bound  state  of  the  B  band  falling  into  the  cou  hole  and 
(ii)  a  weaker  peak  at  (£+£„«)  /~\P\  -  "■  2  associated  with  transitions  in  which 
the  core  hole  captures  an  electron  from  the  bound  state  below  the  A-ba».J;  its 


0 


CM 


Fig.  9.  The  core-hole  perrurbed  densities  oi'  jtates  (times  2(jffD  at  the  core-hole'site  in  a  perfect  AB 
lattice,.ror  a  core-hole  at  an-A-site  and  a  B-sitc.  Note  that  the  core-hole  produces  tw?  bound  states 
when  it  occupies  a  B-site,  but  only  one  when  oh  an  A-site. 


small  size  reflects  the  reduced  B-like  character  in  that  state.  This  peak  disappears 
with  disorder,,  which  weakens  the  bound  state  below  the  A-oand.  Disorder 
activates  additional  sidebandTratures. 

d)'-  Discussion 

The  X-ray  spectra  discussed  here  exhibit  the  effects  of  final-state  electron-hole 
interactions  as  well  as  the  effects  of'disorder.  For  an  insulating  model,  the  spectra 
have  excitonic  features.  However,  no  prominent  “X-ray  edge  anomaly’’*" 
manifests  itself  even  in  the  semiconducting  regime. 

One  interesting  feature  of  the  XPS  spectra  is  that  the  major  lines  arci'nearly 
symmetric  —  a. feature  once  observed"  for  sodium-tungsten  bronzes-with  low 
local  state  densities  at  the  core  hole  site.  At  the  time  of  that  observation, -the  only 
available  theory  was  for  free-electron  metals,'^  which  were  predicted  to  have 
considerably  asymmetric  XPS  lines  for  the  case  of  strong  electron-hole  interac¬ 
tions  —  contrary  to  the  observations.'^  The  theory  presented  here  suggests  that 
nearly  symmetric  XPS  lines  can  be  expected  in  systems  with  low  densities  of 
states  at  the  Fermi  energy. 
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In  summary,  the  X-ray  soectra  of  are  rich  in  structure  associated 

with  disorder,  but  primarily  determined  by  t he* densities  of  states. 

Appendix  A 

Matrix  elements  of  the  retarded  Green's  function  for  the  perfci-t  AB  lattice 
between  two  A  states  in  cells  i  and  i  +  n  are  given  by 

G^{n,E)  »  (A, /|(?(£)|A,  /  + /t) 

=  i  (£•  -  £*)  (a'  -  (U/2/?']  ^  {[a/2/?-]?  -  T}''’)'"'  , 

\ 

where  we  have  a  ^  (E  —  £<,)  (£  —  £4)  —  20^  arid  the  lower  se;  of  sigris  is 
applicable  from  the  bottom  of  the  upper  band  (£4)  to^the  boiiom  of  the  lower 

band  k  ^4  -  ^  O'  +  1 6^,'}''?]/2 . 

Other  rhatrix  elements  are  given  by 

{B,/|(;(5)|B./-+n)  -  [(£-  £,)/(£- £4)] 

•{A,  ilG(£)|B,  i+h)  -  [/?/(£  -  £4)]  [G^(.%  E)  -T  Gj^in  +  i,-£)], 
and 

(B, /1G/(£)|A,  i+n)  =•  [/l'(n  -  £4)].[(7aa  («.  i')  (n  -  \,E)l 

Using  these  tnatm  elements  one  may  exantine-tho  locsUdehsity  of  states  of 
various  defects  by  Uiing>Dyson's  equation  G  *  C?p,(l  —  •  In-panicular 

new  states  outside  the  bands  tray  be  foutid  by  looking  fpr  the  zeros  of  the 
determinant  of  [l  -r  VGq]  .  We  have  carried  cut  'this  search  for  the  parameters 
given  and  find  that  filling  tv.’o  .■».  site:'  with  B-like  state j  gives: 

Cell  spacing  Energies 

1  1.88,1.56,0.55,0:15 

2  1.78,1.74,0.39,0.32 

3  1.76,1.76,0.36,0.36' 

The  results  of  filling  tv  o  B  sites  withA.-like  states  is  just  the  negative  of  the  ab^ve 
energies.  Interchanging  vh  A  and  a  3  state  gives: 

Cell  spacing  Energies 

1  +1;61,±0:64 

2  +1.74.  ±0.29 

3  ±1.76.  ±0.36 
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These  results  are  well  correlated  with  the  dominahtTeatures  and-cohcchtration 

dependence  of  the  numerically  calculated  densities  pfstates. 
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ABSTRACT 

Ua  raport  shaoracteal  ealeulaciona  of  daap  UvaU  In  CaAf/.AJ..CAi 
auparXacslcat  undar  hydreasaelc  prataura,  Va  pradie:  phaaa  diagrams  for  O.Y 
eancars:  for  a  glvan  eonposlsion  x  shara  la  a  fur.erlon  p(a>,  which  ralacas 
praaaura  p  and  CaAs  quantum-wall  width  a,  and  dacinaa  a  :phaaa  boundary 
bacwaan  two  ragiona:  ona  in„uhieh  DX^ ia  a  daap  r^a?  in  cha  fundaaanttal  band 
gap  and  anothar  in  which  eha  SDX  daap  laval  lias  In  tha  conduction  band. 


I.  INTRODUCTION 

For  a  auparlaetlea  in  which  tha  ecyaeal  atruetuta  ia  eohcinuoua  across 
tha  intarfacaa  batwain  altamata  layara  of  diffarant  aamiconduetora.  thara 
la  no  difficulty,  inip'Hneipla,  in  calculating  tha  anacgy  bands  and  tha  daap 
impurity  lavala  J  V) .  In  this  papar,  wa  praaant  tha  raaulta  of  such 
ealeulations  for  iuparlatticaa-  undar  hydrostatic  praaaura,  baaad  on  an 
ampirieal  eight-binding .modal.  Daap  impurity  lavala. ara  traatad  by  a  Craan'a 
funeeion  mathod  |?I,  uain^  apaeial  points  to  parform  C-apaca'  auma  -Jj.  To 
aeeouns  for  t);a  affacta  of  praaaura,  wa  fit  tha  praaaura  dapandancaa  of 
ampirieal  matrl.V  alamahea  of  tha  Hamiltonian  to  eha  obaarvad  praaaura 
variations  of  ’tha  bulk  band  aerueturaa  (4],  “na  valanea  band  offaae  at  tha 
intarfaea  it  traatad  by  using  tha  axparimantal  raaulta  of  Wolford  at  al. 


In  tha  peasant  study  wa  eonaidar  a  OX  eanear  in  an  layar  of 
an  Ax\,Caj.^,Aa/AJ,50aj_,jjAa  auparlaeeiea  (for  y<x),  antt'/wa  ihow  that  (1) 
radueihg  thb  thieknaaa  of  eha  AiyCa,„/a  layar,  <U>  .'neriaatng  tha.  alloy 
composition  y,  and  (iii)  tha  bpplibation  of  hydroaC4,«;ie  praaaura  all  hav* 
similar  affacta  on  eha  "OX"  eanear  («]!  tha  daap  laval  la  drlvan  from  eha 
conduction  band  of  AJyCa^.yAt-  into  eha  fundamantal  band  gap.  Thus  this  work 
adopts  eha  pionaaring  Vlawpblnt  of  HJalmaraon  at  al.  (71,  that  tha  DX  eanear 
is  aaaoeiaead  with  a  aubteieutional  doner  (such  at  SU.)  and  predueaa  a  daap 
laval  raaonant  with  tha  eenduecion  band  in  GaAa,  but  tha  laval  can  ba  drivan 
into  tha  fundamantal  band  gap  by  aithar  (i)  ineraaaing  tha  alloy  compoaition 
;6).  Ineraaaing  praaaura  (Si,  or  radueing  tha  thieknaaa  of  tha  GaAa  layar 
containing  tha  donor  (l|.  Tha  paraiaeane  phoeecendueeivity  of  tha  DX  eanear 
ia  praaumably  axplainad  by  tha  waak  a laccron- phonon  coupling  nodal  of 
.HJalmaraon  and  Drummond  (9, 10],  Va  shall  rofar  to  this  aubatitutional  donor 
as  a  OX  eanear  haraaftar,  although  many  vdrkara  baliava  eha  DX  cf.tar  ia  a 
donor- vacancy  pair  (6). 

This  papar  ia  organitad  as  follows:  Saetion  II  dtscuaaaa  tha  thaorv. 
whila  Saetion  III  daaeribaa  our  raaulta  for  tha  DX  ear.tar  whan  aubjaetad  to 
a  ehanga  of  alloy  compoaition  x  in  Atj;*^  At,  an  ineeaaaa  of  praaaura.  or  a 
daeraata  of  tha  quantum-wall  thieknaaa,  Tha  phanmionon  of  a  ahallow-daap 
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erahtlsion  it  diteutitd,  and  tha  notion  of  a  critical  conbination  of 
protiufa  and  quantua-wall  thicknata  it  introduead;  for  prataurat  largar  than 
this  critical  prattura  or  for  quantua-wallt  thinnar  than  tha  critical  width, 
tha  OX  cantar  will  ba  a  daop  trap  in  tha  fundaaantal  band  gap. 

II.  THEORY 

Ua  bagin  with  a  «lhia«l  baaia*tat  LCAO>typa  tMdal  (with  ona  t>,  ona 
axeitad'  t*>,  and  thraa  p*orbltalt  cantarad  on  aaeh  atom)  ar.d  includa  only 
naaraat>naighbor  intaraction  matrix  alanantt  Illj.'Thlt  it  tufficlant  to 
glva  a  raatonabla  datetiption  of  tha  lowaat  conduction  band  at  wall  at  tha 
valanca  bandt  for  both  hoeoganaout  tamlc,  ductort  baAt  and  AiAt  and  alloyt 
Af^Ca^,^At.  Hanca  tha  aama  typa  of  iamiltonian  tli’euld  datcriba  tha 
CaAt/Ai^Ca{,^At  tuparlattica  |1].  (Alloyt  art  trtatad  inia  virtual  crytttl 
approximation  [12].)  A  univartal  tat  of  paramatart  fontha  Hamiltonian  it 
availabla  [11] ;  thata  hava  accu'rataly  raproduead  tha  bandittructurat  of  CoAt 
and  AfAt.  Va  parform  our  calculationt  for  CaAt/Ai^Gc^.^At  tuparlatticat 
whota  layart^afa  parpandleular  to  tha  (001)  diraction./fc'a  atauma  CtAt  and 
A/vCai.vAa  ara  parfactly  lattica-matchad  and  wa  e^itidar  layart  of  CtAt 
and  Kq  layart 'of  Ai^Cti.^At  rapaatad  pariodically.  Tha  dimant'ien  of  tha 
tuparlattica  Hamiltonian  matrix  (for  a  givar  turfaca  wava>vaetor  k  in  r!ia 
plana  of  tha  layarr)  aqualt  tha  numbav  of  orbltalt  par  atom- timat  2(!m4!(4). 
Tha  valanca  band  adga  diteontinuity,  V'hich  hat  toma  affoe'tt  on  tha  petitient 
of  daap  lavalt  in  tha  tuparlattica,  it  ehotan  to  rap'iroducr  tha  raeanti 
axpatimantal  ratu:>t  by  tfolford  at  al.  C;*  ef  tha^batid  offtat  it  in  tha' 
valanca  band)  (S’.  Thif  offtat  it  incorportttd  in  tha  medal  by  aiiding  a 
conittnt  to  all  of  th*  diagonal  matrix  tlamantt^of  tha  Haf.ilteiian  of  CtAt, 
bacauta  thata  tight-binding  paramatar*  [ll]  ara  Jafinaid  with  ratpoet  to  tha 
top  of  tha  valar.ca  band.  Tha  full  Hamiltonian,  which  produett  t.ia 
tuparlattica  band  ttruetura  at  vail  at  all  t<  and  p-bordad  daap  iapurity 
lavalt,  it  givan  in  dattil  in  tha  papar  by  Ran  at  al.  [1].  Ua  fallow  tha 
taehniquat,  of  that  work  and  tha  thaary  of  daap  lavalt  in  pratturittd  bulk 
tamieanductart  (4)  in  parferming  our  awn  calculationt  for  tha  pratttura 
dapandancat  of  tha  daap  lavalt  in  tuparlatticat. 

Tha  impurity  lavalt  ara  avaluatad  following  tha  Craan't  function  thaary 
of  Hjalmartan  at  al,  [2],  which  tolvat  tha  taeular  aquation  far  tha  daap 
lavoi  anargy  E: 

dat  (1-CV)  -  0, 

Hara  V  it  tha'^dafaet  potantial  matrix,  which  it  diagonal  in  tha  Vagi  tp^t* 
batit  (in  tha  cata  of  taro  lattica  relaxation)  an<i  hat  matrix  alamantt 
ralatad  to  tha  dafaet  and  hott  atonic  anargiat  [2].  Tha  Craan't  function 
operator  it  C  -  (E-H)*V  whara  H  it  tha  hott  tight-binding  Hamlltonlin 
aparttar  and  E  hat  a  mail  potitiva  inagint-y  part  vhan  E  liat  auttida  tha 
band  gap.  Ua  erntidar  .  'Httitutianal  donor  impuritiat  in  'thit  papar.  and 
thay  ganarally  hava  point  group  tymmatry  in  tha  CaAt/AX„Ca. ..At 
tuparlattica.  Datailt  of  tha  calculatianal  pracadura  may  ba  found  in  Rati. 
[1]  and  (41, 

Tha  prattura  dapandaneof  dE/dp  of  tubtr.itutiom.'.  daap  paint  dafaet 
lavalt  In  CaAt/Af^Caj.^A?  art  daduead  uting  tha  far-  that  tha  hvdrattatlc 
prattura  pratar^•at  cryttal  tymmatriat  while  altering  l.'.nd  langtht.  In  tha 
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nodal  of  Vogl  tc  <1.,  cht  UUgonal  matrix  tltnanea  of  eha  hose  Hamlleonian  H 
and  eha  on>sica  dafaee  potanclal  V  ara  Indapandane  of  changas  in  tha  bond 
lansch,  whila  eha  off-diagonal  naerlx  alananct  of  H  dapand  on  bond  langch  d 
according  ro  Harrison's  rula: 

'»a.4  -  Ha./  • 

vhara  dg  Is  eha  zaro-prassura  bend  lahgcii;  Tha.  v<)::ponancs  n(a,^)  (for 
a,^  -  s,  p,  and  s*)  ara  obealnad  by  fleel^'  ,absarvad  prasaura 
dapandaneas  of  the  dleace  band  gaps  ae  T,  X,  and  L,  and  the.  Indlraee  gaps 
from  eha  valanea  band,  naxlnua  to  L  and  X,  using  laasc-sciuaras  machods.  A 
discussion  of  eha  affaees  of  hydroseaele  prassura  on  'bulk  alaceronlc 
serueeuras  of  III-V  sanlconduceors  Is  given  In  Raf.  (4).  tfa  usa  eha 
axponanes.n<p,4)  obealnad  for  eha  bulk  sanlconduceors  as  Inpue  co  calculaea 
eha  prassura  dapandaneas  of  eha  alaceronlc  serueeuras  of  suparlaeelea 
GaAs/Afj^Ca|.jjAs  and  lea  daap  lavals.  > 

in.  RESULTS  AND  DISCUSSION 

In  thU  saeelon  «a  assass  (1)  eha  afface  of  Ineraasad  alloy/-eonpeslelon 
X  on  a  daap  donor  level  In  bulk.«^Cai.„As,  (11)  eha  afface  of  hvtUoseaele 
prasaura  on  eha  DX  eanear,  and  (111)' eha  efface  of  dacraasad'  quancum-vall 
ehleknass  oh  a  OX  eanear  or  subseleuelonal  polne  deface  In.  c;  GaAs  vail  of  a 
GaAs/Afj^Caj^.,jjAs  suparlaeelea.  Ua  eaka.as  our  nodal  of  a  OX  eanear,  a  single 
SI  Inpurley'  on  a  eaelon, site,  (vhila  acknowledging  ehst  OX  bahavlor  can  ba 
assoelaead  with  a'wldar  elass  of  dohdts,  Including  donor  dafaee.  eonplaxas), 

Va  assuna  ehae  eha  dafaee  pocancl<U  of  our  OX  eanear  produces  a  daap 
level  wleh  tha  proparey  ehae  eha  level  descends  Into  eha  fundanancal  band 
gap  ae  an  alloy  eonposlelon  naae  (<|  in  Al^Cai  j.As.  “sa  deface 
potanrlal  V  ehae  produces  such  a  , level',  within  tha.eoneaxe  of  lihe  d«»p  level 
theory  of  HJalnarson  ae  al.  Is.  diagonal  with  V,  «  -1.047  aV  and 
V  -  -0.S44  aV,  assanelally  equal  to  eha  SI  deface  potanelal  (uiehln  the 
enaoraelcal  uncarealney) .  The  resulting-, alloy  dep'andanea  of  that  daap  Iwal 
In  Af^Ca^.^As  Is  displayed  In  T.lg.  V,  and  uas/flrs.e  pradletad  by  HJalnarson 
12./),  who  also  first  provided •  eha ;pleeura  of  si  ’as  a  poeanelal  DX  eanear  •- 
an  Idea  ehae  has  since  b(ian  developed  by  tVanaiuchl  (15),.  who  .has  also 
compared. with  data  eha  prfdlcclons  of  ehoj  Hj,jl.earson  shoory  for  tha 
dapandar.ea  of  the  DX  eanear.. oh  alloy  ionpdsleibn-.s .and  prassura  , p.  :Npes  that 
this  eanear  undergoes  a  shallow-haep  -eransUloh.,  Tha  s-llka  a, •s\Ttn«*.;rlc 
daap  level  In  GaAs  lias  in  ehacpndueelon  band;  Tharafora  eha  ground  scaes 
hat  eha  extra  SI  alaeeron.ersppad  In  a  shalloy-djnbr  loval.  But  for  ^i>  0.3 
in  Ai^Ga^.^As,  tha  dteo  iaval  lias  In  the. gap,  below  eha  shallow  donor 
lavals,  and  this  deep  loyal  Is-. bccupla'd  by  one  olaeeron  In  eha  ground  sesea. 
Thus  a  second  alaeeroh'pf.  dppbslea/spln  can  “<0  trapped  by  eha  daap  level: 
whan  eha  daap  level  Uet  In  the. gap.,  the  SI  no  longer  Is  a  donor  bue  Ihseaad 
ranovos  alaeerons  fron  the  conduceloh  band.  Thus  SI  or  tha  OX  eanear 
undargoas  a  shallow-deap  .cr'anslelphifton  an  Inpurley  ehae  products  n-eyTo 
shallow-donor  sanleondueelva.  behavior  to  dnaVtH.»t  Is  a  daap  trap  and  leads 
eo  teal -Insulating  proparelas.  This  sano  :bypa  of  behavior  occurs  as  a 
function  of  ineraaslhg  pressure  for  eha •  D.S,  dentar  In  CaAs  (14).  .ind  was 
pradlcead  ehaoraeleally  (4,.  (Sea  also  Raf.  (13).)  Finally.  Ran  ct  ai.  (Ij 
have  dovalopad  a  ehoqry  df  daap  lavals  .In  suparlaetlcas  which  shows  ehae 
such  a  OX  cantor  In  s  Csas  quantum  well  of  ,a  GaAs/Ai,Cai.vAs  suptrl.ittlca 
can  descend  Into  che  ;|sp  e$  she  CeAs- vell«chteknefs  e  deereeeee  because  she 
dotp  lovol  stays  ralaelvaly  eonsean'c  Iti.  ehargy  uhlla”  this  condueclon  band 
odga  of  eho  suporlacrieo  Incfoasos  (duo  eo  quancun  ecnfinoawnc)  as  tho  laytr 
thlcknost  dacraasas.  -  -  until  it  pastas  above  tho  doo'p  lovol,  causing  eha  DX 
lavalto  llo  In  tha- jap  as  an  alaceron  erap,  Saa  Fig.  2. 
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Fi|,  1.  En«r(i*t  vtr*ut-«Uoy  eenpotlelon  x  In  aXloyi  of  (l) 
tha  eendueclen  band  td(a  minlna  at  T,  X,  and  L  (aelld),  (11)  thallew  donor 
atatta  (abort  daahad),  and  (111)  OX  eantar  (lon|  daahad),  aftar  Xtfa.  |2] 
and  (7). 


■gap 


Sha  1  low 
Deep 


FIs.  2-  l.luatraci'tn  of  a  ahalXov.datp  tranaltlon  aa  tha  width  of 
a  CaAa  quantua  wall  daeraaaaa.  In  a  thick'  wall  (a)  tha  daap  donor  laval 
llaa  abova  tha  eonduetii.r.  band  adga,  ae  that  tha  alaetron  oecupiaa  tha 
lowar  ahallow  laval;  In  a  thin  wall  (b)  tha  ahallow  laval  llaa  juit 
balow  tha  auparlattiea  conduction  band  adfo  and  abova  '.ha  daap  laval. 
which  la  occupied  by  the  alaetron. 
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Fig.  3.  Prtdleetd  erleteal  pr«i«ur«  v*rsu<  C«A«  qu«ncun>wall  width 
tot  a  CaAt/AiQ  25^*0.75^*  wall.  Kara  wa  hava  h'2*10. 


In  Fig.  3  wa  jhow  our  pradletiont  for  cha  "phaaa  dUgraa''  of  a  DX 
cantor  in  cha  eantar  of  a  GaAa  wall  of  GaAa/AiQ  25<>aQ  75*0.  nanaly  tha 
function  of  praiaura  and  waU<chlcknaaa  that  cauaaa  tfta  At  daap  laval  of  tha 
OX  cantor  to  coincide  with  tha  conduction  band  adga.  thus,  In  cha  region 
narked  ‘ahollow,  cha  OX  Impurity  producaa  a  deep  laval  In  tha  eonducclon 
band  of  tha  auparlactlca,  and  la  a  ahallow  donor:  in  tha  "deep"  region  cha 
OX  eantar  la  a  deep  trap.  A  word  of  caution  about  tha  theory;  tha  general 
ahapa  of  r.ha  curve  p<a),  where  p  la  tha  praaaura  and  a  la  the  wall 
thlcknaaa.  la'rallabla,  wharaaa  cha  praclaa  valuta  nay  hoe  be.  Indeed, wa 
auapaee  that  at  aero  praaaura  the  critical  wall> thlcknaaa  for  a.  DX  cantor  to 
produea  a  daap  laval  In  the  gap  la  aenawhae  aaallar  than  pradlecad. 
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A  method  for  computing  the  Ranan  spectra  of  substitutional  crystalline 
III-V  alloys,  combining  Monte  Carlo  and  Recursion  methods,  is  presented 
and  applied  to  IMq  5^*0. 5^*0. 5^^0.S* 


1,  Introduction 

This  paper  describes  a  simple  ieet^od  for 
computing  Raman  scattering  spectra  for 
substitutional  crystalline  semiconductor  alloys 
with  correlations  between  atoms  occupying 
neighboring  sites.  Most  theories  assume  that 
such  alloys  are  random,  and  omit  correlations 
between  the  atoms  on  neighboring  sices:  The 
probabilities  of  having  different  types  of  atoms 
on  a  given  site  depend  only  on  the 
eohee^craclbhs  of  the  eonstlcuents  and  not  on 
Che  types  of  atoms  on  neighboring  sices.  In 
reality,  however,  alloys  often  have  a  t''.ndeney 
to  cluster  and  form  regions  with  prA'crencial 
bond.bg,  tFor  example,  Islam  and  Bunker  (1}  have 
recently  observed  preferential  Ca<As  and  In>Sb 
bonding  in  Inj^.x®*.v-‘'S-*‘'^l,v  »lloy*!  •*  •  result, 
the  fraction  of  ^  Ga*ns  bonds  differs 
significantly  from  the  random  value  xy.  With  the 
increasing  technological  importance  of  III >'7 
ternary  and  quaternary  alloys  ••  alloys  that 
exhibit  different  amounts  of  clustering  and 
correlations  for  different  grouch  conditions  •• 
it  has  become  important  to  develop  a  theory 
capable  of  predicting  the  electronic  and 
vibrational  properties  of  correlated  alloys. 
Such  a  theory  is  needed  especially  for  phonon 
spectra,  which  uniike  electronic  spectra  are 
normally  persistent  (2-  or  tuo*mode  (3|  in 
chara.-ter,  and  most  often  are  not  well 
approximated  by  a  virtual  crystal  approximation 
(which,  with  f<tw  exceptions  (4>6),  provides  ah 
adequate  des.  rlption  of  the  electronic  stat.s 
near  the  fundamental  band  gaps  of  common 
semlcondu.'.'.ors) , 

In  this  paper,  we  present  such  a  theory  of 
phonons  in  In^.j-CajjASySbi  the  theory  has 
three  distinct  elements:  (Ir  the  determination 
of  an  8,000-acom  cluster  of  atoms  that  has;iths 
desirci  nea-ost'neighbor  correlations,  (ti)  die 
appro; '.  'lacion  of  the  Ram.i!)  spectrum  by-  an 
appropriate  projected  density  of  states  of  the 
alloy  [7],  and  (lii)  evaluation  of  this  density 
of  states  for  the  alloy  using  the  recursion 
method  [8)  and  a  Born* von  ■  r.man  mode)  of  the 
lattice  vibrations  (7,9>12i. 

2.  Correlations 

The  first  task  in  developing  our  theory  of 
correlations  is  to  deter»ir-i  the  site 
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occupations  of  a  large  £,000*atom  cluster  such 
that  the  cluster  has  the  desired 
nearesc>neighbor  correlations.  We  place  atoms  Ga 
or  In  on  cation  sites  (with  probabilities  x  and 
I'X,  respectively)  a-.id  As  or  Sb  on  anion  sites. 
However,  constructing  a  cluster  with  the  desired 
nearest -neighbor  correlations  is  sd^tewhat  more 
difficult  than  ere.*, ting  an  uneorrelated  cluster. 
In  the  case  of  an  uncorrelated  cluster,  one 
merely  deposits  atoms  on  sites  with  the 
prescribed  probabilities,  using  a  random  number 
generator  to  determine  which  atom  occupies  -a 
given  site.  However,  if  this  approach  were 
spplled  to  create  a  correlated  cluster,  the 
correlations  in  different  parts  A  the  cluster 
would  be  different:  when  putting  down  the  first 
atom,  none  of  its  neighbors  is  known;  when 
depositing  the  second  aco;r.,  at  most  o;ie  of  its 
neighbors  is  known;  and  so  on,  until  all  of  the 
neighbors  of  the  last  atom  are  known.  As  a 
result.  hlgher*order  correlations  s:a  present 
which  depend  on  the  sequence  in  which  ttie  sites 
are  occupied. 

To  circumvent  this  problem,  we  employ  e 
four- component  lsing*llki>  model  of  the  cluster, 
and  apply  the  standard  .Hor.te  Carlo  procedure 
113,14)  to  solve  the  mod-^l  for  an  alloy 
configuration  with  the  desired  average  alloy 
composition  and  ne-srest-neig.-bor  correlations. 
The  energy  E  of  the  configuration  is 

E/ikjT)  -  J(R.5')  *  Sr  h(R). 

where  we  have  h(R)  •  H^  if  atom- type  i/  is  at 
site  R,  and  -  J  if  atom-type  p  is  at 
R  ind_i/  is  et  R* .  (Here  is  sero  unless  R 
and  R'  are  neareet-ncighhors. )  The  number-s  H^ 
and  J^  ^  are  independent  par  reeters  which  c.*>n  be 
adjusted  to  provide  the  desi::-!  nearest-neighbor 
correlations.  The  prob,-ibll.ty  of  a  given 
8,C00-at.om  alloy  configuration  is  proportional 
to  exp  (-E/kjT).  Examining  the  above  express  on 
fi-r  E,  we  see  that,  if  we  change  a  .elngU  .-.‘.om 
in  the  configuration,  the  probability  that  the 
new  atom  is  of  type  u  depends  only  on  that  atom 
and  its  four  nenresc-neighbors,  through  H^  and 

o-jr  procedure  is  to  fi-st  solve  this 
Ising-like  model  (assuminr,  v.->lucr-  of  ^  and’ 
H,,)  for  an  equilibriu.T  >.Uov  configuration, 
u.sing  ordinary  .“.ontc.  Carlo  techniques  |14).  and 
then  to  adjust  the  p.-n.-iii.uttrs  J.^  and  h^,  by 
trial  and  error  >15)  until  we  find  an 
equilibrium  configuration  with  the  desired 
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nearest 'neighbor  correlations.  As  usual,  enough 
iterations  of  the  .Monte  Carlo  scheme  arc 
performed  to  achieve  convergent  values  of  the' 
average  alloy  compositions  x  and  y  and  the 
nearest-ncighhor  correlations  ;  and  the 

results  are  independent  of  £he  initial 
configuration  and  detailed  method  of  relaxation. 
Here,  for  example,  is  the  fraction  of 

GaAs  bonds  (16). 

For  the  quaternary  alloys  considered  here,  we 
assume  that  only  Ca  and  In  atoms  occupy  cation 
sites,  and  only  As  and  Sb  occupy  anion  sices  of 
a  zincblende  lattice.  This  rendition  is  achieved 
in  all  configurations  by  choosing  the  initial 
configuration  to  satisfy  it,  and  by  caking 

’^cation, cation  "^anion, anion 

The  net  result  of  the  Monte  Carlo  procedure  is 
a  single  final  cluster  configuration  that  has 
Che  desired  average  composition  and  no.-iresc- 
neighbor  correlations.  If  the  correlaciqns  are 
sr.  strong  Chat  there  is  considerable  clustering, 
a  single  8,000-aton!  cluster  may  not  mimic  the 
real  alloy  sufficiently  well,  and  it  may  be 
necessary  to  generate  in  ensemble  of  such 
clusters.  In  such  a  case,  the  calculations 
described  below  would  be  repeated  for  each 
cluster  and  then  enscmble<avoraged. 

3  Raman  Spectra 

An  explicit  expression  for  the  intensity  I(w'} 
due  to  Raman  scattering  of  light  into  a  solid 
angle  dO'  is  derived  in  detail  in  the  textbook 
of  Born  and  Huang  (7].  In  particular,  they  show 
chat  only  the  electronic  portion  of  the 

polai  .tabillty  is  relevant  to  Raman 

processes  [17}.  This  contrlbuclon  should  be  very 
similar  on  all  cation  (anion)  sites,  since 
different  111  (V)  elements  are  electrt.nically 
similar.  Therefore,  to  a  good  approximation 
in  a  zincblende  crystalline  alloy  will  be  the 
same  as,  and  have  the  same  symmetries  as,  P^^ 
for  a  pure  zincblende  crystal.  Moreover,  only 
the  terms  P,s  of  first  order  in  the  dislaceir'.nts 
are  needed  for  lowesc-order  Raman  scattering. 
These  terms  can  be  written  simply  in  terms  of 
their  decomposition  into  displacements  U|(n,o) 
at  individual  sites  in  cell  n,  and  atom  o  (18) 
as 

^Pjk  -  Pjk.i(0.o)Uf(n.o) 

In  Che  zincblende  structure,  there  are  two  atoms 
per  cell  (o>l,2}  and,  from  translational 
symmetry  [19],  they  must  have  Pi^  ^  chat  are 
equal  in  magnitude  and  opposite* in  sign.  The 
form  of  P,|^  ^  is  determined  largely  by  the 
symmetry  oi  the  crystal.  The  Raman*allc">>d  modes 
and  corresponding  forms  of  P,^  I  for  various 
crystal  structures  have  been  tabulated  by  Hayes 
and  Loudon  (20).  Fr.r  the  zincblende  structure 
(symmetry  53ml,  one  finds  that  the  only 
Raman'active  optical  mode  is  Fj  and  the 
corresponding  terror  Pjj.  ^  has  components  Pq  (an 
unknown  constant)  whenever  J,  k,  and  i  are  all 
different,  and  zero  otherwise. 

Bor::  and  Huang  [21]  show  that  the  P.aman 
scattering  intensity  at  te.T  >*racure  T  for 
one>phonon  absorption  (i.e.,  tiie  lowosC'order 
anti 'Stokes  process),  in  terms  of  the  creation 
and  annihilation  operator.*:  t*  and  E"  for  the 
incoming  photon  of  er  'rgy  ]<u  and  the 


CCSR.>:i.4TF.D  .Si:B?Tni-TlG.'.'A:- 7a.LOVS  Vc;.  Os,  Xo. 

polarization  vector  7  of  tiie  outgoing  photon  of 
energy  Kw*.  is 

I(--)  -  (J'/2nc^)  tjtjf  EkEm- 

where  we  have 

Pjk(MP;„(A)  b 

^  1  k  f  m  *"  '  ■ " 

(2u>;^l|exp(bV''B‘5  • 

Here  1*  ^be  projection  6t  the 

polarization  censor  discussed  abov.  onto  the 
A'th  eigenstate,  of  frequency  !22,.  Using  the 
form  of  Pi^  ^  discussed  above,  Che  scattering  is 
independent*  of  direction  and  polarization, 
except  for  an  overall  scale  factor,  so  the 
results  can  be  discussed  without  reference  to 
the  crystal  axes. 

4,  Recursion  Method 

The  pceceeding  discussion  demo-  :crates  chat 
the  Raman  spectrum  lu  simply  related  to  the 
projection  of  the  vibrational  density  of  states 
onto  the  polarizability  censor  [22].  For  a 
disordered  alloy,  there  is  no  way  to  determine 
this  density  of  states  exactly.  Ho-.-ever,  the 
recursion- method  [8]  provides  a  simple,  fast 
method  to  obtain  approximate  solutions 
n'umerically  for  a  large  cluster.  In  fact,  whst 
it  really  provides  is  not  a  total  density  of 
states,  but  the  projected  density  of  states  onto 
a  given  state,  Thus  the  method  is  ideal  for 
calculations  of  the  Raman  scattering,  with  Che 
projected  state  the  polarizability  censor  found 
above  (22).  The  resulting  ealeulaeion  is  really 
Just  a  spectral  density  of  ststes  eomputscion, 
snd  tht  dttalltd  method  of  appllcstion  of  the 
recursion  eschniqus  to  such  problems  has  :’Jten 
diseusssd  by  Davis  [6]. 

The  phonon  states  are  modeled  by  a  simple 
Born'Von  Karmsn  model  with  first*  and 
second'nearest'nelghbor  force  constants;  i.e., 
by  Che  eigenvalue  equation  for  the 
eigenfrtquencias 

M(n,o)  uj  u(n,o)  « 

“n*  a'  ,0* ) .  (u(n' ,0* )  •u(n,o)  ] . 

Here  the  F's  are  taken  to  be  t';<e  most  general 
force  constant  matrices  consistent  with  the 
point  group  symmetry  of  atom  n.o,  and  M(n,o)  is 
its  mass.  The  force  cnnstar.c  matrix  contains  two 
independent  parameters  fnr  nearesC'neighbors, 
snd  three  for  second'nearesC'neighbors  [9'12]. 
There  are  no  long'rsnged  f<>rces  in  this  model, 
snd  so  the  usual  Lyddane-*  4chs'T6ller  spllcclng 
of  the  longitudinal  and  tr.nnsverse  optical  modes 
St  tero  crystal  moment-.jn  va:-  shes.  Following 
earlier  work  -11.12].  we  use  thv  force  constants 
of  GaAs  and  treat  the  alloy  disorder  as 
occurring  exclusively  ir  the  mass  mz-trix. 

5.  Illustrative  Results  and  Conclv:sions 

The  calculatf-d  one-phonon  absorption  Raman 
spectrum  for  Ing  jGsq  jAs^,  .  SbQ  j  .-it  room 
temperature  is  plotted  in'Fir  .  three  curves 
are  displayed,  correr-nondli.i-  ro  three  po.*:s:blo 
correlations.  The  throe  po.-ik-.  'a  the  curves  are 
cue  to  In-Sb  (hcavy-heavyj .  In-As  and  Ga-Sb 
(hea-.-y-light) ,  and  Ga-As  (light-light)  be:-.ds. 
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fig.  1.  TheoMClcal  Raman  spacrrum  Ij^^ 
for  anci’Scokaa  seaccerlng  ae  rocn  canparatuck 
in  Inn  jCaQ  jSbQ  j.  Tha  ehainad  cutva  Is 
for  Ca'and'\s  naarasc-nalghbors  25k  of  :ha  elma 
(i.a.,  r.o  sorroUelons) ,  :ha  solid  curva  iU\, 
and  tha  dashad  eurva  16k. 


raspactlvaly.  Tha  dottad  curva  corresponds  to  no 
corralatior.s;  i.a.,  tha  allowad  types  of  atoms 
ara  placad  randomly  on  each  site.  Tha  solid 
eurva  corrasponds  to  .mora  Ga*As  and  In«Sb  bonds, 
and  tha  corrasponding  pca'^s  ara  highar  uhila  tha 
central  one  is  lower.  (This  is  tha  actual 
situation  according  to  tha  extended  x>ray 
absorption  fine  structure  axparlniants  (1).)  The 
dashed  curve  corrasponds  to  more  In>As  and  Ga>Sb 
bonds,  and  shows  a  highar  central  peak  and 
reduced  side  ones.  This  is  qualitatively  as 
axpaetad:  tha  area  under  any  given  paaV:  is 
roughly  proportional  to  the  number  of  bonds  of 
tha  corrasponding  cype(s),  as  is  true  for  the 
corresponding  peaks  i:  the  density  of  states. 

However,  the  relative  areas  under  different 
peaks  depend  quanticacivcly  on  a  number  of 
factors,  and  differ  markedly  from  tha 


corresponding  areas  for  the  density  of  states 
curves.  First,  there  are  various  peaks  in  the 
density  of  states  (at  lower  energies,  in 
particular)  that  are  Ra.-nan  forbidden  and  do  not 
show  up  .It  all  in  the  Raman  spectra.  Second,  the 
relative  areas  under  different  peaks  are 
affected  by  the  ra*io  of  the  phonon  energy  to 
the  temperature.  Third,  the  relative  areas 
depend  on  the  projection  of  the  states  onto  the 
optical  state  of  zero  crystal  momentum.  This 
depends  primarily  on  the  ratio  of  the  peak 
separation  to  the  optical  band-width  (of  the 
pure  material),  and  explains  the  reduction  in 
site  of  Che  lower- frequency  peaks  [2|. 

These  considerations  are  important  in 
attempting  to  determine  the  near-neighbor 
correlations  from  Raman  data.  Until  now, 
experimentalises  have,  in  the  ,i))tence  of  any 
theoretical  calculations  for  comr.orison,  tried 
ir.  estimate  the  nuitber  of  nearost-naighbors  of 
different  atomic  types  by  comparing  the  areas 
under  the  different  p<>jks.  Vhile  this  provides  a 
correct  order-of-magnitude  estimate  of  nu.mbars 
of  neighbor  pairs,  it  ignores  the  factors 
discussed  above  and  therefore  does  not  provide 
accurate  astimacas  of  these  correlations.  The 
techniques  described  ir.  this  paper  can  be  used 
to  datarmina  quantitatively  tha  Raman  spectra 
for  vari'eus  correlations.  These  can  then  be 
compared  with  axperim.antal  results  to  allow  an 
accurate  determination  of  the  actual 
correlations  (23). 

Tha  present  approach  allows  one  to  datarmina 
tha  affects  of  clustering  and  correlations  on 
tha  Raman  spectra  Tf  Ill-V  alloys,  and  can 
easily  be.  ganaralitad  to  predict  densities  of 
states,  and  spectra  of  a  variety  of  other  alloys. 
The  method  is-  not  restricted  solely  to  the 
treatment  of  vibrational  properties  or  to  III-V 
alloys,  but  is  generally  applicable  to  a  wide 
range  of  problems  in  m,-\ny  different 
substitutional  crystalline  alloys. 
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Studies  of  electrochemically  etched  tungsten  scanning  tunneling  microscope  tips,  using  scanning 
electron^microscopy.  show  that  (i)  the  tips  are  often  convolved  or  bent  if  the  mass  of  the  tungsten 
wire  .submerged  in  the  etchant  is  large  (an  effect  ascribed  to  surface  plastic  flow),  (ii)  bent  tip.' 
nevertheless  often  produce  good  quality  scanning  tunneling  microscopy  images  of  Au  films  in  :iir. 
but  (iii)  tips,  once  cra.shed  clumsily  into  the  Au  films,  no  longer  produce  images. 


i.  INTRODUCTION 

In  an  ideal  scanning  tunneling  microscope,  electron  tunnel* 
ing  occurs  between  the  surface  being  studied  and  a  single 
atom  at  the  end  of  a  sharp  tunneling  tip.  In  practice,  it  is  rare 
to  prepare  tips  even  resembling  the  sharp,  single-atom  ideal. 
Often,  in  order  to  obtain  scanning  tunneling  microscope  im¬ 
ages  from  layered  compounds,  .me  must  first  crash  the  tung¬ 
sten  tip  into  the  surface.  This  initial  crash  very  likely 
"spears"  a  layer  of  the  material  being  studied,  which  then 
can  act  as  a  tunneling  tip.  For  example,  scanning  tunneling 
microscope  studies  of  layered  compounds,  such  as  graphite, 
using  tungsten  tips  suggest  that  the  "tip"  may  in  reality  be  a 
layer  of  graphite  stuck  on  the  tungsten.  ’•*  Colton  ct  al.  ‘  and 
Mizes  and  Harrison'  have  shown  rather  dramatically  that 
many  of  the  different  images  reported  for  graphite  surfaces 
can  be  obtained  by  having  more  than  one  atom  acting  as  a 
tunneliiigsite.  In  Ill-V  semiconductors.  Feenstraand  Fein’’ 
have  shown  that  images  of  defects  on  the  GaAs  (110)  sur¬ 
face  depend  on  the  character  of  the  tip  as  much  as  on  the 
defect.  Biegelsen  ct  al.^  have  published  studies  uf  tip  struc¬ 
tures  and  have  found  that  ion  milling  improves  the  sharpness 
of  a  tip.  renJOve.^  oxide,  and  enhance,s  the  tip's  reliability. 
Clearly  the  role  of  the  tip  and  its  geometry  in  forming  scan¬ 
ning  tunneling  microscope  images  is  incompletely  under¬ 
stood. 

In  this  paper,  we  report  some  elementary  studies  of  tung¬ 
sten  scanning  tunneliti..  microscope  tips.  The.se  include  stud¬ 
ies  of  scantling  clectrt.n  titicroscupe  images  of  tips,  the  de- 
pettdence  of  tip  geometry  on  tip  etching  and  growth 
coticiitiotts.  atid  the  {luality  of  scattnitig  tuttticling  tnicro- 
sco,'e  images  obtained  frotn  each  tip.  As  ‘‘ur  touchstone  of 
cotnparisoti.  we  use  imtiges  of  .Au  films  m  air.  Surface  .Au 
atoms  have ..  liigh  mobility,  formitig  tiearly  planar  surf:tce>. 
and  the  steps  oti  these  serfaces  are  easily  visible  with  our 
microset We  us.  .\it  ratlic-r  than  graphite  :ts  our  stattdard 
because  gtaphiie  layers  are  too  easily  peeled  from  the  sur¬ 
face.  We  iitid.  not  surprisingly,  that  otue  oar  tips  cfi.'h  into 
the  surface  of  .Au,  unle.ss  the  crash  is  .atiier  getule,"  the  tips 
no  longer  prcciuce  good  imtiges:  however,  we  a!.so  find  that 
tip  geometry,  a;,  observed  with  a  .scannu  g  clectrott  tnicro- 


scop'e.  cah  .be  a  deceptive  predictor  of  .scanning  tunneling 
microscope  image  quality.  In  particular,  some  tips  can  be 
terribly  “bent"  or  convolved  geometrically  attu  yet  produce 
rather  good  images. 

II.  TIP  PREPARATION 

Each  tip  was  prepared  by  placing  several  millimeters  of 
the  lower  end  ofa  tungsten  wire  f  0.025  in.  diameter)  into  an 
aqueous  !M  NtiOH  etching  solution  and  applying  a  12-'«' 
potential  to  the  tungsten  wire  fwith  respect  to  a  stainless- 
steel  electrode  inserted  into  the  sol. m  >1:  j.  The  etch  was  con-- 
tinued  until  the  submerged  portion.  0:  the  wire  dropped  off 
into  the  lath,  leaving  the  usable  tip  suspended>!)ear  the  li¬ 
quid/air  interface.  By  elcctr(>nicall>  monitoring  tlte  etciiing 
current  (typically  10  m.A;  with  a  comparator  circuit,  th.  12- 

potential  was  shut  siiT  when  the  wire.scpar.uccl.  This  pre- 
ve.nted  further  etening  of  the  tip.  After  the  'eparatioii.  the 
etch  voltage  was  pulsed  "o»-“  for  1  s.  to  remove  any  irregu¬ 
larities  at  the  end  of  the  tip. 

In  order  to  prevent  unnecessary  cchi-g.  we  coveied  a 
large  portion  of  the  wire  submerged  in  the  solution  with  Tef¬ 
lon  insulation.  This  kept  the  current  density  in  the  etching 
region  appro.ximately  constant  and  permitted  better  deter¬ 
mination  of  the  mass  of  the  submerged  portion  of  the  wire 
(for  correlation  of  tip  shape  wiiii  tiie  mass  of  tiie  submerged 
portion,  .see  beiow). 

III,  SCANNING  ELECTRON  MICROSCOPE  IMAGES 

The  tip:  :hat  we  etched  gcncruliy  e.xiiibited  nearly  .  po- 
r.ential  shapes  (Fig.  1).  rather  titan  tiie  nearly  par;..iolic 
shape'  reported  by  some  authors.'  We  find  tiiat  thts  e.\po- 
iienii-i  shape  results  when  the  current  a  isit;.  land  hence 
the  riv.ction  rate)  is  high.  We  ha\c  ob.'CiAed  that,  with  a 
longer  lengili  ft  vvi;v  i  -  ;  cm.  0.'  more  o.'.po.seci  •  tiie  et¬ 
chant.  tlic  piMftle  >>:'ti\c  up  tended  to  beciitiie  more  p:.  ‘'olic. 
We  base  also  ft  and  that  more  paraboiie  siiapes  result  from 
electrochemical  etching  uith  t.Uernating  rather  than  .iirect 
current. 

A  number  of  our  tips  hud.  in  add.' ion  tt.  the  nearly  e.\po- 
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Fig.  1.  Scanning  eleciron  microseope  image  of  a  pointed  tungsten  tip.  The 
tii^was  etched  in  an  aqueous  NaOH  solution.  Note  the  100-/jm  .scale. 

\ 

nential  overall  shape,  highly  convolved  or  bent  points  (Fig. 
2),  although  such  tips  had  never  been  allowed  contact  with 
any  surface.  By  carefully  controlling  the  etching  conditions, 
we  learned  that  such  bent  points  tend  to  occur  when  the  mass 
(length)  of  the  tungsten  wire  in  the  etchant  is  large,  a  condi¬ 
tion  indicative  of  (i)  plastic  flow  of  the  tungsten  wire  as  ihe 
tip  is  formed  and  (ii)  some  recoil  of  ihe  tip  at  the  instant  of 
tip  formation,  when  the  wire  in  the  etchant  drops  off. 

Jtist  before  the  bottom  portion  of  the  wire  separates,  plas¬ 
tic  flow  occurs  at  the  narrowest  region  of  the  wire  when  the 
Stress  induced  by  the  wire's  weight  is  greater  than  the  yield- 
stress.  Rough  estimates  indicate  that  the  weight  of  several 
millimeters  of  tungsten  wire  in  the  etchant  bath  is  sufficient 
to  allow  plastic  deformation  at  a  necking  diameter  of  about  1 
;im.  Furthermore,  ti’e  meohahicaj  energy  stored  in  the  neck 
region  of  the  stretched  tungsten  wire  is  released  when  the 
wire  separates.  This  energy,  although  perhaps  an  order  of 
magnitude  too  small  to  plastically  deform  the  entire  volume 
of  the  thicker  portion  of  the  wii  e,  is  nevertheless  sufficient  to 
defor.m  small  surface  regions,  leading  to  tip  recoil  and  bend- 


FiCi.  2.  Suanniiig  clcci.  ai  muTONCopo image <>.  a  coiilorlvd  or  hciu  luiigvivii 
lip.  Theconioriioii  imku  due  ioilieiipMia\iiigbeeiicrai,lied.  bill  rather  i\ 
due  10  lip  deformation  during  et.  isiiig.  Sueii  bent  tip'*  oceur  when  a  large 
mas>  of  wire  i>  submeiged  in  the  eieliant  and  are  it'cribed  to  lecoit  after 
fracture  rebutting  from  plastic  deformation.  Note  the  IO.//m  .scale.  Note 
also  the  “dirt"  on  the  lip.  re.sidual  .N.iOII. 


Fig.  3.  Scanning  tunneling  microscope  image  of  a  Au  film,  taktn  using  the 
tipof  Fig.  I.  This  is  a  tunneling  ctirreiii  image  over  a  1 50>.  1 50  A  area  of  the 
him.  Comparable  quality  images  are  obtained  with  both  pointed  and  bent 
tips,  provided  the  tips  have  not  been  crashed. 


ihg,  with  the  yield  stress  apparently  being  e.sceeded  locally  at 
certain  surface  regions. 

The  possibility  of  plastic  flow  playing  a  role  in  the  forma¬ 
tion  of  tips  has  been  raised  previously  by  .Miiller  and  Tsong,'* 
but  those  authors  .i-icribed  the  tip  bending  to  the  aotioh  of  gas 
bubbles.  We  virtually  eliminate  such  bubbles  by  usnig^a-di- 
rect-current  etch  (alternating  current  produces  many  bub¬ 
bles),  but  still  obtain  bent  tips  when  the  conditions  of  signifi¬ 
cant  plastic  flow  are  met. 

IV.  SCANNING  TUNNELING  MICROSCOPE  IMAGES 

Surprisingly,  the  bent  or  convolved  tips  often  produced 
decent  scanning  tunneling  microscope  images-rof  compara¬ 
ble  quality  with  images  produced  by  ‘‘poitr.ed”  tips,  such  as 
the  one  in  Fig.  3.  Subjectively,  the  pointed  tips  may  have 
produced  slightly  sharper  scanning  tunneling  microscope 
images,  but  the  variation  of  image  quality  for  various  point¬ 
ed  tips  was  comparable  with  the  differences  between  images 
for  pointed  and  bent  tips 

In  coiiirast.  lips  that  were  crashed  clumsily  into  the  sur¬ 
face  no  longer  produced  images.  (Controlled  and  gentle 
crashes,  however,  car  leave  the  tips  capable  of  forming  sub¬ 
sequent  images.") 

V.  CONCLUSIONS 

Thus  we  conclude  that  the  best  tungsten  tips  are  formed 
when  only  a  snntll  portion  of  the  wire  is  suspended  in  the 
etchant,  and  t'.  at  the  sharpne.ss  ofa  tip  on  the  ~  lO-.um  scale 
of.  Ncaiiiiing  ■.■leciron  microscope  image  may  not  be  a  good 
indicator  i  f  tip  imagine  quality.  .N'evertheiesS.  as  a  matter  of 
goode.xperimcntal  practice,  bent  tips  should  be  avoided,  and 
.so  only  a  small  portion  of  the  tungsten  wire  should  bo  sub¬ 
merged  during  the  etching  piuco.ss. 
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The  electronic  structures  of  I;iN,  In,Gai_,N,  and  Inj,Ali_iN  are  predicted  and;ihese  materials 
are  found  to  be  dircct-band-itap  semiconductors  with-fundamental  band  gaps-ranging  froin  orange 
through  the  blue-green  to  the  ultraviolet.  The  deep  levels  as"ociated'with  substitutional  s-  and  p- 
bonded  impurities  are  predicted,  and,  for  InN  we  find  (i)  that  the  native  defect  responsible  for  natu- 
raliv  occurr'iig  n-type  InN'  •  .a.nitrogen  vacancy  (not  Nif,):,(ii)  that  the.i.urogeh  vacancy  also  pro¬ 
duces  a  deep  level  just  below  tiie  conductiot:  band  edge,  which  is  a.  ponsible  for,  an  observed  0.2-eV 
optical-absorption  feature;  .(iii)  that  p-type  doping  should  be.ackl  .able'-bylnserting  column-II  im¬ 
purities  on  In  sites;  (iv)  that  n-type  conductivity  should  result  from  oxygen  atoms  o.i  N  sites;  (v)  that 
Inx  produces  s-  and  p-like  deep  levels  near  midgap  that  are  responsible  for  ah  optical-absorption 
feature  near  1  eV;  (vi)  that  column  ’V  impurities  on  either  anion  or  cation  si^s  will  tend  to  make 
the  material  semi-insulating,  and  (vii)  that  an  isoelectronic  electron  trap  should  be  produced  by  B|„, 
whereas  column-V  impurities  on~*hc  N  site  should  produce  deep  isoelectronic  hole  traps.  Similar 
results  hold  for  the  alloys  InxGa,_,N'and  Inj,Al|_,N.  Some  impu  ities  undergo  shallow-deep  tran¬ 
sitions  in  the  alloys,  as  functions  alloyvcomposition. 


1.  INTRODl  CTIOb 

Higli-titobility  InN  has  recently  been  grown  in  a  poly- 
crystalllne  he.xagonal  stri'cturc.''*  The  band  gap  of  this 
material  is  diivct  and  the  optical  absorption  threshold  lies 
in  tl'.c  orange  portiot.  of  tl’.c  visible  spectrum  (the  band 
gap-plus  the  Hursteiii  shift  is  2.05  eV).  This  is  an  exciting 
experimental  r.-  .uit  for  at  least  two  reat^ms:  (i)  the  high 
mo.>>ility  sug/v.sts  that  electronic-grade  material  may 
cveiiiiiflly  be  l.mricated,  and  (ii)  the  orange  color  indi- 
cato  that  InN  and  alloys  based  on  InN  could  be  candi¬ 
dates  for  efficient  semiconducting  large-band-gap  visible- 
light  emitters  and  lasers.  Until  now  much  of  the  em¬ 
phasis  on  developing  large-band-gap  visiiile  solid-state 
ligh:  emitters  has  focused  on  II-VI  compound  semicon¬ 
ductors.  materials  that  in  many  eases  have  proven 
difficult  to  dope  both  ii  type  and  (especially)  p  type'  and 
hence  do  n<  t  form  good  diodes.  m.,ch  less  light-emitting 
diodes.  The  origin  of  the  II -VI  compound  doping  prob¬ 
lem  is  often  ascribed  to  "self-compensation" — common 
-dpppni'^  purportedly  v  istort  olT  site  and  produce  accom¬ 
panying  vticancies  which  competisaie  them.'*  It  is  widely 
believed  tiiat  such  self-eompcnt'aiion  problems  do  not 
plague  Ill-V  compound  Ncmiconductors,  and  so  the  e.\- 
istence  of  the  isoanionic  semiconductors  InN.  GaN,  and 
AIN,  all  V  ith  large  band  gaps  [2  eV  loranget.  3.5  eV  , (ul¬ 
traviolet!.  and  6  eV  (ultraviolet),  respectively],  raises  the 
rossi'-i'i’.y  of  fabricating  alhns  whose  band  gaps  range 
from  the  orange  to  the  cltraviolet. 

As'.stming  that  the  iiro-llem  of  gro.ving  electronic- 
g'tide  iiititerial  can  be  solved,  there  will  remain  five  mai.  r 
etiteria  that  the  material  must  meet;  li  the  band  gap 
must  be  (he  desired  color  (orange,  blue,  etc.);  lii)  the  band 
gap  must  be  direct  so  that  the  crystal-momentum  .selec¬ 


tion  rule  governing  light  emission'  will  be  satisfied;  (iii) 
the  material  must  be  crystalline  and,  if  it  is  an  alloy,  must 
be  relatively  st.ain  free — because  large  strains  produce 
dislocations,  and  dislocations  tend  to  quench  luniincs- 
cence  (as  well  as  trap  and  scatter  carriers  and  degrade 
mobility);*’’  (iv)  the  materials  must  be  relatively  fret  of 
deep  levels  in  the  band  gap  that  might  trap  electrons  or 
holes,  leading  to  enhancecl  nonraoiative  transition  rates 
and  luminescence  dt’gradation:  and  (v)  .schemes  for  dop¬ 
ing  the  material  both  n  and  type  must  be  found.  The 
purpose  of  this  paper  is  to  piovide  theoretical  guidance 
concerning  these  five  issues,  in  the  hope  of  stimulating 
efforts  to  grow  electronic-grade  InN  and  InN-based  al¬ 
loys. 

In  Sec.  II  we  discuss  the  band  structures  of  (wurtzitc' 
InN  and  alloys  of  InN  :ind  GaN  and  AIN.  Wc  show  that 
these  alloys  can  be  dc.'.cribcd  by  the  vi-iu.il-crystal  ap¬ 
proximation,  havc-direci  band  gaps  tha;  range  from  the 
orai'ge  to  the  ultraviolet,  and  should  be  relatively  strain 
free  because  they  are  moderately  well  lattice  matched.  In 
Sec  111  we  discuss  the  deep  levels  associated  with  .v-  and 
p-bonded  substitutional  impu'ilies  iii  InN,  with  particu¬ 
lar  emphasis  on  the  native  de.'-cts  (i.e..  vacancic.s  and  :m- 
tisite  defects)  and  the  dopants  from  columns  11.  IV.  and 
VI  of  the  Periodic  Table.  Section  IV  is  devoied  !'>  a  com¬ 
parable  di.scu.ssion  for  the  alloys.  Our  conclusitm.s  :ire 
summa.  izcd  in  Sec.  V. 


II.  BA.SD  STRUCTURES 

The  band  structures  are  obtained  using  a  nearest- 
neighbor  light-binding  model  of  the  electronic  .siructure.s, 
based  on  the  Slater-Koster'''  theory.  The  re-uiting  Hamil- 
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tonuuiis 


H„  0  /J,.4 

0  H,  Hi,  //j.4 

"u  hU  H,  0 
^i.4  hU  0  H, 


\wKere  Jfj  is 


kl)  k,,l)  |p,.l)  \p,,\) 

kl)  (£(s,fr)  0  0  0 

k,,l)  0  E(p,b)  0  0 

|p„l)  0  0  E(p,b)  0 

0  0  0  E{p,b) 


for  b -a  ore  (anion  site  or  cation  site).  The  olT-diagonal 
matrices  are  /T]  3=g;(k)M|j,  H2,,~S2^^'“^: and 
/fj,4=g3(k)A/i  4,  whei .  iVi  4  is 


k4) 

\PzA) 

IPx.4) 

IP3-.4) 

kl) 

Uis,s) 

U(s,z) 

0 

0 

kr.l) 

U(z,s) 

U(z,z) 

0 

0 

IPx.J) 

0 

0 

VU,x) 

0 

0 

0 

0 

U(y,y) 

M2.4  is 


\sA) 

lp*.4) 

lPx.4) 

\PyA) 

k2) 

flU'(s,2) 

-ft  Vis, X) 

-flVis,x) 

IPx.2) 

roU'{z,s) 

n(2,z) 

-rtViz,x) 

-ftV{z,x) 

IPx.2) 

~f^U'{x,s) 

-f\U'(x,z) 

n  ^nx,x)+fX  [  Vix,xHViy,y)] 

fllV{y,y)-Vix,x)]/2 

IP3,.2) 

-ftU'(x,s) 

-ftU'{x,z) 

n[Viy,y)-Vix,x)]/2 

Viy,y)f\  Af\  [  Vix,x)  +  Viy,y)]/2 

|i.4) 

iP4.4) 

IPx.4) 

Ip,, 4) 

k2) 

f,Vis,s) 

hVis,z) 

f^V^s,x) 

f.Vis,x) 

IPr.2) 

hViz,s) 

foU'iz,z) 

fxViz,x) 

f-Viz,x) 

iPx.2) 

f^Vix,s) 

/iVix,z) 

/o  Vix,x )  +/+  [  £/'(x,x)+  {/’(y,;-)] 

f-[Viy,y)-VL\,x)]/2 

Ip,, 2) 

l/-£/'(x-,j)  f.Vix,z) 

f.[Viy,y)-Vix,x)\/2 

V^y,y)f^■i■f^[V{x,x)■hV{y,y)] 

gi(k)==  expl/(— k!fl/3+.';:o/3+/c3c/8)]  , 
gi(k)=  exp[/(A‘ia/3— A:2a/3+fc3c/8)]  , 
g3(k)=' exp(-/3/:3c/8)  , 

/(,( k ) *  exp(  +ik[a)  +  l  +  exp(  -ik^a)  , 

/i  ( k )  =  exp(  +  /k  1  fl )  -  [  1  +  exp(  —  ik^a)]/!, 

/+{k)  =  7(l  + exp(— , 

and 

/_(k)=(7)'''^[l  — exp('-/A,Na)]  . 

Here  we  have  k=A’,b|+A:,b3  +  A:5b3:bi,  where  b,..  and 
bj  are  the_reciprocaI-lattice  vectors  divided  by  2r.  najiie- 
ly  ((2/v^3)/a.0.0),  (( l/V'3)/a,  l/a,0),  and  (0,0.1/c‘. 
respectively.  The  parameters  of  the  Hantiltonian  for 
AIN,  GaN,  and  InN  have  been  published."  "  and  are 
reproduced  in  Table  I,  along  with  the  wurtzite  lattice 


constants  a  and  c,  and  the  c/a  -atio.  Since  the  c/a  ratio, 
to  within  2.19e,  is  the  ideal  value  of  we  simplify 
the  model  by  assuming  the  ideal  value. 

The  band  structures  of  the  alloys  are  obtained  in  the 
virtual-crystal  approximation.’*  We  implement  the 

TABLE  I.  Tight-binding  parameters  un  eV>  fur  AIN.  GaN. 
and  InN  in  the  notation  of  Ref.  12.  Paraniete's  aie  taken  from 
'Ref>.  9. 10.  and  1 1,  respectively. _ 


AIN 

GaN 

InN 

E<s,a) 

-12.104 

-13.114 

-4.984 

E{p.a\ 

.L581 

1.269 

0.565 

£tv.c) 

-0.096 

-1.786 

0.254 

Eip.c) 

9.419 

7.1.5! 

3.895 

ri.v..\> 

-iO.T.Lt 

-9.371 

-3.841 

5.81)8 

3.008 

1.347 

l‘<.v.r> 

8.486 

6.535 

3.033 

I't  \a.yr: 

8.092 

4.889 

1.595 

ripa.sci 

9.75.5 

10.867 

4.0';)0 

a 

.5.104 

3.180 

3.5.'3 

i' 

4.96.5 

5.166 

5.693 

c/a 

1.599 

1.635 

1.611 
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FIG.  1  Predicted  band  structure  »of  Infl.,4iGao.4oN.  The 
direct  energy^band  gap  lies  in  the  blue-green  part  of  the  spec¬ 
trum. 


virtual-crystal  approximation  by  taking  weighted  aver¬ 
ages  or  the  mutri.x  elements.  For  example,  in  the  case  of 
In,Gai_;,N,  we  average  the  various  diagonal  matrix  ele¬ 
ments  £, 

£(In,Ga,_.,N)“(l-.x)£(OaN)+.x£(InN) . 

The  olT-diagt  nal  matrix  elements  V,  multiplied  by  the 
square  of  the  bo’.d  length  d.  are  also  averaged  this  way 
(according  to  Hu.  i  ison's  rule'll,  with  the  bond  length  ob¬ 
tained  from  Vegard’s  law,''* 

d(in,Ga,_,,N)*(l-;c)d(GaN)-l-;.-d{InN) . 

Thus  we  assume  that  virtually  all  of  the  In  and  Ga  atoms 
occupy  cation  sites,  while  anion  sites  are  overwhelmingly 


InxGai-xN 


GoN  X  InN 

FIG.  2.  Energies  of  principle  conduction-band  minima  vs  al¬ 
loy  composition  for  Inj  ,,Ga,N.  The  symmetry  points  H,  K,  L, 
M,  .-t,  and  P  have  the  usual  Brouckaert-Smoluchowski-Wigner 
definitions  (Ref.  IS). 


FIG.  3.  Energie*.  of  principle  conduction-band  minima  vs  al¬ 
loy  composition  for  In|.,Al,N. 


occupied  by  N.  The  lattice  mismatch,  l-d(GaS)/d 
(InN),  is  9.3^;  the  corresponding  mismatch  for  AIN  and 
InN  is  12.S%.'^ 

The  resulting  predicted  band  structure  for 
Ino.4oGao,4oN  is  given  in  Fig.  1.  In,Gai_.,N  is  a  direct- 
band-gap  semiconductor  tor  all  compositions  x,  and  has  a 
band  gap  ranging  from  2  eV  for  InN  to  .'.5  eV  for  GaN. 
The  principal  features  of  the  predicted  band  structures  of 
In,Ga|_,N  and  In,Al|.;,N,  namely  the  energies  of  the 
r,  A,  M,  L,  K,  and  H  conduction-band  minima,'^  are 
plotted  as  functions  of  alloy  composition  x  in  Figs.  2  and 
3. 

The  principal  conclusion  to  be  drawn  from  *hese  calcu¬ 
lations  is  that  In,Ga;_^N  and  In,AI|_;,N  should  be 
direci-band-gap  semiconductors  and  hence  i^tential  light 
emitters  for  all  compositions  x. 

Ill,  DEEP  LEVELS  IN  InN 
I'encral  coniiderations 

Every  .t-  and  p-bonded  impurity  produces  both  deep 
levels  associated  with  its  central-cell  potential  and  shal¬ 
low  levels  caused  by  any  nu-izero  valence  difercr.ce  be¬ 
tween  the  impurity  and  the  host  atom  it  replaces  (al¬ 
though  the  "deep"  levels  often  do  not  lie  in  the  funda¬ 
mental  band  gap  as  once  believed,  but  often  can  be  reso¬ 
nant  with  the  host  bands).  The  deep  levels  can  be  com¬ 
puted  using  the  theory  of  Hjalmarson  et  al.  The  one- 
electron  Schrddinger  equation  for  the  deep  levels  £  can 
be  rewritten, 

det[l-Go(£)K]=0  , 

where  G,)(£)  is  the  host  Green’s-function  operator, 
Go=(£-//o)''  , 

and  //()  is  the  Hamiltonian  operator  that  generates  the 
band  structure  of  the  host.  £  is  assumed  to  have  a  post- 
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live  imagiiur>‘  P^rt  whenever  £  is  not  in  a  band  gap.  The 
defect  potmtial  is  K =//—//„,  where  H  is  the  Hamiltoni* 
an  of  the  crystal  with  an  impurity. 

If  we  follow  established  custom'^  and  (i)  neglect  the 
weak  lon|*ranged  Coulomb  pt>tential  responsible  for  shul* 
low  levels,  and  (ii)  ignore  lattice  relaxation  around  the 
impurity  (eflects  of  order  O.I  eV),  the  defect  potential  Kis 
diaigonal  in  a  basis  of  localized  Lowdin  orbitals  centered 
at  the  impurity  site,  and  the  secular  equation  for  the  ener* 
gy  levels  reduces  to  two'^'"*  scalar  equations, 

Here,.G,4^(£)  and  &£,(£)  are  the  host  Gre..rs  functions 
for  the  .r-like  A  |  and  p-like  states,.'^  respectively,  and 
K,  -and  Vp  are  the  defect  potentials  for  the  5-like  and  p- 
like  states,  respectively. 

Using  the  scaling  rules  for  the  matrix  elementSiof  Jfy, 
namely  that  diagonal  matrix  elements  depend  on  atomic 
energies,  whereas  oflf-diagonal  matri.\  dements  vary  in¬ 
versely  as  the  square  of  the  bond  length,"'''''”  we  find 
that 

and 

wlici'c  and  ti'j.hwi  atomic-orbital  energies  in  the 
solid”  for  impurity  and  host,  respectively.  We  have 
and  fip~0.6.  These  equations  can  be  solved  for 
deep  levels  of  energy  £  in  the  fundamental  band  gap  by 
computing  the  Green’s  function  G/(£)  and  plotting  £ 
versus  (G,(£))“'  =  I’ . 

B.  Native  defects 

The  first  question  the  theory  should  answer  is  “Why  is 
InN  n  type?”  Tansley  and  Foley'  had  speculated  some 
years  ago  that  the  /i-type  behavior  is  caused  by  an  antisite 
defect:  N  on  an  In  site  (Njn),  which  they  had  suggested 
might  be  a  double  donor.  However  we  find  that  this  de¬ 
fect  produces  both  5-like  and  p-likc'^  deep  levels  deep  in 
the  gap  (see  Fig.  4) — closer  to  the  valence-band  ^ge 
tha:t  to  the  conduction-band  edge. 

The  5-like  state  is  occupied  by  the  two  e.\tra  N  elec¬ 
trons  and  is  too  far  from  the  conduction-band  edge  to  be 
thermally  ionized— even  if  one  makes  allowances  for  a 
few-tenths-of-an-eV  theoretical  uncertainty  in  the  pre¬ 
dicted  deep  levels.  The  p-like  states  are  far  from  the  band 
edge,  empty,  and  together  cun  trap  six  electrons.  (Of 
course,  Coulombic  charge-state  splitting,  omitted  from 
the  model,  will  raise  these  neutral-impurity  levels  as  each 
additional  electron  is  added.*")  Thus  N|„  is  a  deep  trap 
for  both  electrons  and  holes:  its  natural  occurrence  in 
InN  cannot  explain  the  material's  n-type  character. 

The  In^-  antisite  defect  produces  deep  5-Iike  and  p-like 
levels  near  the  center  of  the  gap  (Fig.  4).  Six  electrons  oc¬ 
cupy  the  lowest  of  the  eight  spin  orbitals  associated  with 
this  defect,  mo'.ing  the  neutral  defect  unquestionably  a 
deep  trap  for  both  (two)  electrons  and  (six)  holes.  Thus 
In.s'  can  compensate  N|„,  but  does  not  dope  InN  either  n 
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FIG.  4.  Energy  levels  and  electron  occupa:icics  of  neutral  na¬ 
tive  defects  in  InN.  Holes  are  d  -noted  by  open  eireles  and  elec¬ 
trons  are  denoted  by  solid  circles.  For  the  nitrogen  vaeaiiey, 
Vs.  the  electron  'it  the  level  resonant  with  the  co.iduetion  band 
decays  to  the  band  edge,  where  it  becomes  a  shallow-donor  elec¬ 
tron.  The  energies  of  levels<resonant  with  the  host  bands  are 
merely  schematic,  aremot  to  be  taken  as  quantitative,  and  are 
merely  to  illustrate  that  there  are  resonances  in  the  batids. 


type  or  p  type. 

Neither  antisite  defect  can  explain  the  observed  n-type 
character  of  InN. 

The  theory  for  In.v  does  provide  a  simple  and  natural 
explanation  for  the  optical  absorption  data  of  Tansley 
and  Foley:*  They  find  a  deep  leycl  It*  «-type  InN.  with  p- 
like  character  lying  -  1  eV  below  the  conduction-band 
edge,  which  they  attribute  to  an  ltt,v  utttisite  defect.  Our 
theory  (Fig.  4)  does  seem  to  be  in  excellent  agreement 
with  their  data. 

The  In-site  vacancy  Vai„  (Fig.  4)  produces  5'rlike  and  p- 
like  levels  near  the  valence-band  maximum,  with  the  5- 
like  level  doubly  occupied  and  the  p-Iike  neutral  vacancy 
level  containing  three  electrons  and  three  hoi....  The 
theory,  taken  literally,  places  the  p-like  level  in  the  g.-ip, 
where  it  can  trap'both  electrons  and  holes,  and  the  5-like 
level  in  the  valence  band.  (It<is  conceiv.-rble  that  the  p- 
like  level  actually  lies  below  the  valence-band  muximum, 
in  which  case  the  In  vacancy  would  be  a  triple  shallow 
acceptor,  because  the  holes  would  bubble  up  to  the  ' 
valence-band  edge.)  Clearly,  the  In  vacancy  cannot  ac¬ 
count  for  the  observed  «-type  character  of  InN  either.  j 

The  N  vacancy  can  (Fig.  4).  (Tansley  and  Foley  have  ^ 
also  speculated  that  the  N  vacancy  might  be  the  defect 
responsible  for  the  natural  n-type  chaiacter  of  InN.^')  N 
produces  an  5-like  level  (containing  two  electrons)  near 
the  conduction-band  vuge  and  a  p-like  level  (containing 
one  electron)  above  the  conduction-band  edge.  Since  the 
p-like  level  is  resonant,  its  electron  is  autoionized,  decays 
to  (he  conduction-band  edge,  and  dopes  InN  «  type  (one 
elc<.tron  per  vacancy).  It  is  also  possible  that  the  5-Iike 
deep  states  lie  a  bit  higher  than  predicted  'not  in  the  gap) 
and  are  resonant  with  the  conduction  band,  donating  j 
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their  electrons  to  the  conduction  band.  In  this  second 
case  the  N  vacancy  would  be  a  triple  donor.  Thus  we 
conclude  that  the  N  vacancy  is  most  likely  responsible  for 
the  M-type  behavior  of  InN,  and  is  most  likely  a  .single 
donor  (but  possibly  donates  three  electrons  to  the  con* 
duction  band’.  Moreover,  the  nitrogen  vacancy,  if  it  is  a 
simple  donor  with  its  s-Iike  deep  level  in  the  gap  just 
below  the  conduction-band  edge,  provides  a  tiatural  e.v 
pianation  of  the  0.2-eV  feature  in  the  Tansley-Foley  opti¬ 
cal  absorption  data.**  Thus  we  propose  that  the  N  va¬ 
cancy  both  dopes  InN  n  type  and  produces  a  deep  level 
0.2  eV  below  the  conduction-band  minimum  which  has 
been  detected  in  the  optical  absorption. 

Another  defect  possibly  responsible  for  the  n-type 
character  of  InN  is  o.xygen  on  a  N  site,  which  is  not  a  na¬ 
tive  defect,  but  i.s  nevertheless  likely  to  be  pr,esent  in 
significant  concentrations  (Fig.  5). 

C.  Dopants 
/.  p/yp* 

Since  InN  occurs  n  type  naturally,  the  central  question, 
concerning  doping  is  whether  it  can  be  doped  p  type.  If, 
as  we  predict.  InN  is  naturally  n  type  because,  of  N  va¬ 
cancies,  then  p-iype  material  must  be  relatively  free^of 
these  vacancies  or  contain  a  sufficiently  large  number  of 
acceptors  to  compensate  them. 

The  best  candidate  for  an  acceptor  is  a  column-II  im¬ 
purity  on  an  In  site  (Fig.  6).  Sucli  an  impurity  will  be  a 
shallow  acceptor  in  the  classic  sense.  There  is  a  problem 
with  ordif..  -  accentors  in  InN,  however,  because  this 
large-band-ga'p'4»,..  »  ‘t.or  should  have  a  modertuely 
small  dielectric  constant,  esomated  to  be  e»8.3,'*  and  a 
rather  large  (calculated)  valence-band  effective  mass, 
m'^l.b,**  causing  the  acceptor’s  cfTective-mass-theory 
binding  energy  to  be  rather  lar|e,  -0.3  eV.  Thus  unless 
these  crude  estimates  of  m  */e*  are' too  large  by  a  factor 


FIG.  3.  Energy  levels  and  occupancies  of  neutral  column-VI 
impurities  on  the  N  site  in  InN.  Electrons  are  denoted  by  solid 
circles.  All  column-Vl  impurities  on  the  N  site  are  predicted  to 
be  donors.  The  e.\tra  donor  electron  is  denoted  by  a  solid  circle 
in  the  conduction  band. 
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FIG.  6.  Energy  levels  and  occupancies  of  neutral  impurities 
from  columns  I,  II,  and  III  on  the  cation  site  and  B  on  the  In 
site  in  InN,  GaN..and  A!.N.  Holes  are  denoted  by  open  circles. 
All  column-II  impurities  on  the  III  site  are  predicted'to  yield 
shallow  acceptors.  Column-1  impurities  are  predicted  to  yield 
double  acceptors.  Isoelectronic  impurities  on  the  III  site>are 
predicted  to  be  inert,  e.xcept  f6NB.i„  in  InN  only,  which  is  pre¬ 
dicted  to  be  a  trap. 

of  3  or  more,  the  shallow-impurity  binding  energy  is  large 
enough  to  inhibU  ^thermal  ionization  of  holes  at  room 
temperature.  -Ultimately,  the  fact  that  the  shallow- 
acceptor  binding  energy  is.  so  large,  not  the  purported 
difficulty  of  incorporating  shallow  acceptors,  may  be  the 
reason  InN  cannot  be  fabricated  sufficiently  p  type. 

Column-IV  impurities  on  the  N  site  will  very  likely  not 
produce  shallow  acceptors,  but  instead  will  produce  both 
s-like  (except  perhaps  for  C)  arid  p-like  deep  levels  in  the 
fundamental  bund  gap — with  one  hole  and  five  electrons 
in  the  upper  (p-like)  level  and  two  electrons.in  the  s-Iike 
level  (Fig.  7)— e.xcept  for  Pb,  which  has  its  s-like  and  p- 
like  levels  reversed.  Thus  neutral  c6!’.imn-IV  impurities 
on  N  sites  are  deep  traps  for  both  electrons  (one)  and 
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FIG.  7.  Energy  levels  and  occupancies  of  neutral  column*lV 
impurities  on  the  N  site  in  InN. 
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holes  (five). 

We  also  note  that  the  In  vacancy,  if  its  p-iike  level  ac> 
tually  lies  below  the  valence*band  maximum,  could  dope 
InN  p  type  (see  Fig.  4). 

2.  H-type 

For  n>type  doping,  the  best  candidate,  other  than  the 
N  vacancy,  is  oxygen  or  some  other  chalcogen  on  a  N 
site.  Oxygen  produces  no  deep  levels  in  the  fundamental 
band  gap,  and  so  is  a  classic  shallow  donor  (Fig.  5).  Ncu* 
tral  S,  Se,  and  Te,  in  addition  to  producing  the  shallow 
donor,  each  also  yield  a  p*like  fully  occupied  deep  level  in 
the  gap,  which  is  driven  up  from  the  valence  band  be* 
cause  the  s  atomic-orbital  energies  of  S,  :Se,  and  Te  are 
higher  than  that  of  N.*^ 

Column-IV  impurities  on  the  In  site  are  not  good  can¬ 
didates  for  donors,  since  they  are  predicted  to  have  s-like 
deep  levels  in  th-.  gap,  and  so,  when  neutral,  could'either 
trap  electrons  or  holes  (Fig.  8).  The  predicted  s-like  lev¬ 
els  for  Pb  and  possibly  Sn  arc  dose  enough  to  the 
cond'.iciion-baiid  edge  that,  allowing  for  a  small  uncer¬ 
tainty  in  the  theory,  these  levels  could  lie  remnant  with 
the  conduction  band,  and  so  could  conceivably  lead,  to 
shallow-donor  behavior. 

Thus  we  predict  that  the  best  dopants  for  InN  are 
column-Il  impurities  on  the  In  site  for  P'type  doping,  and 
vfi/her  a  vacancy  or  oxygen  on  the  N  site  for  w-type  dop- 
iivg.  CoIumn-IV  dopants  on  either  or  both  sites  will  tend 
td  produce  semi-insulating  material. 

D.  Iioelectronic  impurities 

Isoelectronic  imj  -  rities,  namely  impurities  from  the 
same  column  of  the  Periodic  Table  as  the  host  atom  they 
replace,  are  normally  thought  of  as  electronically  inert. 
Rather  spectacular  counterexamples  to  this  thinking  are 
the  N  isoelectronic  traps  in  GaASj(Pi_.<  and 
AI|_,,Ga^As  alloys,  electron  traps  which  play  major 
roles  in  localizing  electrons  and  enhancing  the  intensity 
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FIG.  S.  r.iuTsjy  lev*  -N  aiu'  occiipaiicic.s  of  iieiiiral  column-lV 
iinpurilios  on  the  In  siio  in  InN. 


of  recombination  radiation. 

Isoelectronic  impurities  (unlike  heteroelectronic 
donors  and  acceptors)  can  often  trap  one  carrier  without 
repelling  a  carrier  of  opposite  sign,  as  in  the  case  of  Np  in 
GaP,  which  traps  an  electron — and  the  electron  is  subse¬ 
quently  able  to  capture  a  hole  and  to  form  an  impurity- 
tmund  exciton. 

In  InN,  according  to  the  theory,  neutral  B  on  an  In  site 
produces  such  an  i.soelectronic  trap,  an  s-like  level  slight¬ 
ly  below  the  conduction-band  edge  (Fig.  6).  (The  p-like 
level  of  B  is  predicted  to  be  resonant  with  the  conductio” 
band.)  The  remaining  In-site  isoelectn.nic  trap.s  are  elec¬ 
tronically  inert,  according  to  the  theory,  with  their  deep 
levels  all  being  resonant. 

On  the  N  site,  the  Bi  and  Sb  isoelectronic  impurities 
produce  both  5-like  and  p-like  deep  levels  in  the  band  gap 
(fully  occupied  by  electrons  for  the  neutral  defect)  and 
hence  are  deep  hole  traps  (Fig.  9).  Similarly,  As  and  P  on 
the  N  site  have  (full)  p-like  deep  levels  in  the  gap.  while 
their  (full)  s-like  levels  lie  Just  below  the  valence-band 
maximum.  They  too  are  deep  hole  traps. 

One  of  the  interesting  features  of  these  isoelectronic 
traps  is  that  they  bind  one  carrier  in  a  localized  oiintal, 
and  so  can  bind  an  exciton  by  binding  one  earner  which 
binds  the  second  through  the  electron-hole  interaction. 
For  example,  B|„  can  bind  an  electron  which,  in  turn,  can 
bind  a  hole.  Similarly,  Bi^,  Sb^,  and  As.^,  or  i\.  can 
bind  a  hole  which  can  attract  an  electron.  By  locali.'.ing 
an  exciton  this  way,  an  isoelectronic  trap  can  enhance  the 
intensity  of  the  recombination  luminescence,  becau.se  the 
recombination  rate  for  a  localized  state  is  generally  much 
larger  than  for  a  deloculizci!  state. 

E.  Otlier  deer  'rvels 

Impurities  two  or  more  columns  of  the  Periodic  Table 
distant  from  the  host  atom  they  replace  tend  to  be  rather 
insoluble;  nevertheless,  their  .solubilities  are  not  zero,  and 
we  includ'.  ‘.iieir  predicted  deep  levels  liere  for  complete¬ 
ness. 
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FIG.  10.  Energy  levels  and  occupancies  of  neutral  column-V  FIG.  13.  Energy  levels  and  occupancies  of  neutral  column-1 
impurities  on  the  In  site  in  InN.  impurities  on  the  N  site  in  InN. 

InN- In  a iU  InNsNaiU 


FIG.  1 1.  Energy  levels  and  occupancies  of  neutral  column-VI  FIG.  14.  Energy  levels  and  occupancies  of  neutral  column-Il 
impurities  or.  the  In  site  in  InN.  imparities  on  the  N  site  in  InN. 
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FIG.  15.  Energy  levels  and  occupancies  of  neutral  column- 
111  impurities  on  the  N  site  in  InN.  _ 


FIG.  12.  Energy  levels  and  occupancies  of  neutral  column- 
VII  impurities  on  the  In  .site  in  In.N. 
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FIG.  16.  Energy  levels  and  occupancies  of  neutral  column* 
VII  impurities  on  the  N  site  in  InN. 

On  the  In  site  column-l  and  *11  impurities  are  double 
acceptors  and  single  acceptors,  respectively,  with  their  s 
and  p  deep  levels  in  the  conduction  band  (see  Fig.  6).  The 
column*V  impurities  produce  deep  traps:  doubly  occu¬ 
pied  deep  s  levels  in  the-  gap  and  empty  p  levels  that  are  in 
the  gap  for  ?]„  and  Asi„  but  in  the  conduction  band  for 
Sbjn  and  Bij,  (Fig.  .0).  The  column*VI  impurities  (Fig. 
1 1)  produce  doubly  occupied  s  levels  deep  in  the  gap  plus 
singly  occupied  p  levels  that  are  deep  in  the  gap,  e.M.,-pt 
for  Te  (which  should  produce  a  shallow  donor!).  The 
halogens  c-n  the  In  site  should  produce  deep  s  and  p  levels 
in  the  gap  (Fig.  12). 

On  the  N  site,  columns-I,  *11,  and  -III  impurities  ail 
produce  5-likc  and  p-like  deep  levels  in  the  gap  of  InN,  all 
at  about  the  same  energy  (Figs.  13-15).  Column- VII  im¬ 
purities  (Fig.  16)  are  all  double  donors,  except  possibly 
for  F,  which  the  theory  predicts  to  be  inert  (which, 
within  the  theoretical  uncertainty,  may  also  be  a  double 
donor). 

IV.  DEEP  LEVELS  IN  In,Ga,_,N  AND  In,Al,_,N 
A.  Doping  anomalies 

The  deep  levels  in  the  alloys  Ip^Cai_,N  and 
In;,Al._^N  are  similar  to  those  in  InN.  As  functions  of 
alloy  composition  they  vary  in- energy  rather  smoothly. 
In  many  cases  deep  levels  that  lie  iii  the  fundamenttU 
band  gap  for  InN  move  out  of  the  gap  as  a  function  of  al¬ 
loy  composition  and  lie  resonant  with  the  host  bands  of 
GaN  or  AIN.  When  this  happens,  the  character  of  the 
impurity  chances  (e.g.,  from  a  deep  trap  to  a  shallow 
donor)  and  a  “doping  anomaly”  occurs. 

There  are  two  con-.mon  types  of  doping  anomaly:  (i) 
false  valences,  and  (ii)  deep-shallow  transitions. 

False  valences  occur  when,  as  a  function  of  alloy  com¬ 
position.  a  deep  level  completely  crosses  the  fundamental 
bar.d  gap.  False  valences  do  not  occui  in  ln^.Ga|_,N  or 
In^Ali.^N,  but.  to  understand  the  concept  of  a  false 
valence,  suppose  that  the  .r-like  level  of  Si  on  a  cation  site 
(Fig.  8)  were  to  descend  from  the  conduction  b-utd  of 


GaN  through  the  gap  to  the  valence  band  of  InN  (it  does 
not).  Then  the  hole  in  the  deep  level  would  bubble  up  to 
the  valence-band  maximum,  and  neutral  Si  would  beconie 
a  single  acceptor  rather  than  a  deep  trap  for  both  elec¬ 
trons  and  holes,  and  would  have  a  false  valence  of  —  1  in¬ 
stead  of  its  normal  valence  (+1)  with  respect  to  the 
column-lll  cation.  The  reason  false  valences  do  not 
occur  in  In;,Ga,_,N  or  In,Ali_,N  is  that  the  vacancies 
have  both  s-like  and  p-like  levels  n.  or  very  near  the  fun¬ 
damental  band  gap  (Fig.  4).  Since  the  vacancies  corre¬ 
spond  to  infinite  defect  potent. .ils,*'  they  separ.  te  the  im¬ 
purity  levels  that  originate  from  the  conduction  band 
with  finite  defect  potentials  from  those  that  come  from 
the  valence  band — and,  if  the  vacancy  levels  lie  in  the 
gap  for  all  alloy  compositions,  prevent  impurity  levels 
from  crossing  the  gap. 

Deep-shallow  transitions  occur  wl.en  a  deep  level  in 
the  gap  moves  out  of  the  gap  (as  a  function  of  .v).  Consid¬ 
er,  as  an  e.xample,  a  column-IV  impurity  such  as  Si  on  a 
cation  site  in  In^Ga,_^N.  In  InN,  neutral  Si  on  an  -n 
site  produces  an  s-like  deep  level  in  the  gap  -iccupied  by 
one  electron  and  one  hole  (Fig.  8).  Therefore  r  .utral  Sii,, 
is  a  deep  electron  and  h  tie  trap  in  InN,  but  in  GaN  or 
AIN,  Si  on  :■  cation  .site  produces  •  n  s-like  level  degen¬ 
erate  with  the  conduction  band  (Figs.  17  and  18).  The 
electron  that  occupied  this-level  in  InN  is  autoionized  in 
GaN  or  AIN  and  falls  to  the  conduction-band  edge 
(where  the  long-ranged  Coulomb  poten-.ial  omitted  .n  this 
paper  traps  the  electron  in  a  shallow-donor  state).  As  a 
result  cation-site  Si  in  GaN  or  .AIN  i:  a  shallow-d-mor 
impurity:  its  ground  state  has  the  e.vtra  electron  in  a 
shallow  level  (whereas  in  InN  this  e.xtri.  electron  occupies 
a  deep  level).  For  some  intermediate  alloy  composition 
between  InN  and  GaN,  the  deep  level  of  Si|„  in  InN 
passes  through  the  conduction-band  edge,  and  the  Si  im¬ 
purity  changes  its  character  from  a  deep  trap  to  a  shallow 
donor  (Fig.  19). 

The  predicted  dependences  on  alloy  composition  x  of 
substitutional  deep  levels  in  In^Gai-^.N  are  displayed  in 
Figs.  19-22. 


Cqo  SIqq  GtftQg  PbQg 


FIG.  IT.  Energy  levels  and  electron  occupancies  of  neutral 
column-IV  impurities  on  the  Ga  site  in  GaN. 
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FIG.  18.  Energy  levels  .-tnd  electron  occupancies  of  neutral 
colamn*IV  impurities  on  the  A1  site  in  AIN. 


The  principal  deep  levels  for  substitutional  defects  in 
GaN  and  AIN  are  given  in  Figs.  17  and  18  and  23-30. 
The  variation  with  alloy  composition  x  of  deep  levels  in 
In,Ali_;,N  is  given  in  Figs.  31-34.  In  many  cases,  the 
qualitative  level  structure  for  a  specific  impurity  on  a 
given  site  is  the  same  for  all  alloy  compositions  of 
In,Ga,_.,N  and  In,,A:(_xN  (e.g.,  for  o.xygen  on  an  anion 
site),  and  no  deep  levels  cross  either  the  valence<band  or 
(.jnduction-baiid  edge  as  alloy  composition  is  varied.  In 
such  cases,  the  qualitative  doping  character  of  the  defect 
does  not  change,  although  its  quantitative  energy  levels 
do,  according  to  Figs.  19-22  and  31-34.  Here  we  focus 


0.0  OS  1.0 

X 

FIG.  19.  A I  (i-like)  defect  levels  vs  alloy  composition  x  for 
impurities  on  the  cation  site  in  Ini_^Ga.,N.  Levels  for  impuri¬ 
ties  from  columns  V,  VI,  and  VII  are  completely  tilled,  levels  for 
impurities  from  column  IV  have  one  electron  and  one  hole,  and 
levels  for  isoelectronic  impurities  are  unoccupied  by  electrons. 
Other  impurities  are  acceptors. 


FIG.  20.  £;  (/>-like)  defect  levels  for  impurities  on  the  cation 
site  m  Ini_,,Ga,N.  Only  level;  for  impurities  from  columns  VI 
and  VII  are  partially  filled  by  electrons;  other  impurity  levels 
are  unoccupied. 


on  those  defects  whose  qualitative  charac'ers  do  change 
with  alloy  composition,  defects  that  undergo  deep- 
shallow  transitions. 

B.  Native  defects 

The  antisite  defects,  N  on  a  cation  site  and  a  cation  on 
;a  N  site,  have  the  same  qualitative  level  structures  in 
GaN  and  AIN,  but  a  diillrent  one  in  InN  (Figs.  4, 23,  and 
27).  In  InN  the  (neutral). Nj,,  defect  has  both  a  filled  (dou¬ 
bly  occupied)  s-like  level  and  an  empty  p-like  deep  level  in 
the  gap.  The  /?-like  level  is  in  the  conduction  band  for 
GaN  and  AIN;  Thus  N|n  is  a  deep  trap  for  both  electrons 


X 


FIG.  21.  /I  I  (s-like)  defect  levels  for  impurities  on  the  N  site 
in  Ini»,Ga,N.  All  the  levels  shown  are  occupied  by  two  elec¬ 
trons. 
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FIG.  22.  Ej  (p-like)  defect  levels  for  impurities  on  the  N^site 
in  Ini-.,Ga,N.  Levels  due  to  impurities  which  hu'e  fewer 
valence  electrons  than  N,  such  as  Si,  are  partially  occupied  by 
electrons  and  trap  both  electrons  and  holes.  Impurities  which 
have  more  valence  electrons  than  N,  such  as  0,  are  donors: 
their  levels  aie  completely  occupied  by  electrons  and  have  extra 
electron-in  the  conduction  band. 

and  holes,  whereas  neutral  Nq*  in  GaN  and  N^i  are 
d.eep-hole:traps. 

The  cation-vacancy  p-like  level  is  barely  in  the  gap  for 
InN  and  GaN,  and  d-.ep  in  the  gap  for  AIN  (Figs.  4,  23, 
and  27),  whereas  the  s-like  level  is  resonant  with  the 
valence  band  for  InN  and  GaN,  but  In  the  gap  for  AIN. 
This  vacancy,  when  neutral,  can  trap  either  electrons  or 
holes. 

The  N  vacancy  is  a  shallow  doner  in  InN  and  GaN 
(Figs.  4  and  23).  with  its  p-like  level  in  the  conduction 
band  and  its  s-like  deep  level  doubly  occupied  in  the  gap. 
In  AIN  the  p-Iike  level  lies  in  the  gap  (Fig.  27),  making 
the  neutral  N  vacancy  a  deep  electron  trap. 


GcN !  N  site 


FIG,  24.  Eiicri'v  levels  and  electron  occupancies  of  neutral 
column-Vl  impuntics  on  the  N  site  in  GaN, 


FIG.  25.  Energy  levels  and  electron  occupancies  of  neutral 
column-lV  impurities  on  the  N  site  in  GaN. 


FIG.  23.  Energy  level'  and  electron  occupam  ies  of  neutral 
native  defects  in  GaN. 


FIG.  26.  Fnergy  levels  ai;il  electron  occupancie-  of  neu'-  'i 
isoclcctronic  iiniiiiritie.s  on  the  N  site  in  G:iN. 
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FIG.  27.  Eiiurgy  levels  and  elcciron  occupancies  of  neutral 
native  defects  in  AIN. 


FIG.  30.  Energy  levels  and  electron  occupancies  of  neutral 
Uoelectfonie  impurities  on  the  N  site  in  AIN. 


FIG. 

column- 


28.  Energy  levels  and  electi-nt  occupancies  of  neutral 
VI  impurities  on  the  N  site  mi  AIN. 


FIG.  31.  id)  (s-like)  defect  levels  for  impurities  on  the  cation 
.site  in  lni-,Al,N. 


AtN :  N  site 


6.0  : 

5.0  . 

1 

4.0 

0) 

1. 

3.0  L 

0 

c 

9 

2.0  . 

1.0  , 

1 

0.0  L 

i 

.i..,.-,'.  r'-v.s.azi-  ft-A 


Cj^  Si^  Qe^ 


Pb, 


N 


FIG. 

column' 


29.  Energy  levels  and  ele-ctixni  occupancies  of  neutral 
IV  impurities  on  the  .N'  site  in  .-MN. 


FIG.  32.  >/j-like'  defect  levels  for  impurities  on  the  cation 
.siteinliii  >AlvN. 
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FIG.  33.  A 1  (j-like)  defect  levels  for  impurities  on  the  N  site 
in  Ini_,Al,N. 


C.  Donors  and  acceptors 

Colutnn>II  impurities  on  cation  sites  are  ordinary  ac> 
ceptors  in  InN,  GaN,  and  AIN  (Fig.  6).  Column*!  impur¬ 
ities  are  double  acceptors. 

Column-VI  impurities  on  anion  sites  are  ordinary 
dojtors,  but  S,  Se,  and  Te  each  have  a  fully  occupied  deep 
p-like  level  deep  in  the  gap  for  InN,  and  barely  in  the  gap 
for  GaN  and  AIN.  (Thi;!  level  is  in  the  valence  band  for 
oxygen.)  See  Figs.  5,  24,  and  28. 

Column-IV  impurities  on  a  N  site  each  produce  a  deep 
electron  and  hole  trap  due  to  a  p-iike  deep  level  in  the 
gap  (occupied  by  one  hole  and  five  electrons  for  the  neu¬ 
tral  defect)  in  InN,  GaN,  and  AIN  (Figs.  7,  25,  and  29). 
The  filled  s-like  deep  level  is  also  in  the  gap  for  InN  (ex¬ 
cept  for  C),  but  not  for  GaN  or  AIN  (See  Figs.  7,  25,  and 
29). 


FIG.  .^4.  J-’y  (p-Iikcl  dofvcl  levels  for  iinpuriiies  on  the  N  site 
in  Iiii  ,AI,N. 


Column-IV  impurities  (except  C)  on  the  Ga  site  in 
GaN  and  the  A1  site  in  AIN  produce  shallow  donors 
(Figs.  17  and  18).  In  InN  (Fig.  8)  they  .produce  s-Iike 
deep  levels  in  the  gapr  Indeed,  the  p-like  deep  level  of 
C|||  even  lies  well  in  the  gap  of  InN,  while  the  s-like  levels 
of  neutral  carbon  are  predicted  to  be  deep  electron  and 
hole  traps  for  alloys  ofTnN,  GaN,  and  AIN. 

D.  Isoelectronic  defects 

The  isoelectronic  defect  B  on  a  cation  site  produces  an 
s-like  deep  level  in  the  gap  of  I.-.N,  but  thi.5  level  is  in  the 
conduction  band  of  GaN  and  AIN  (Fig.  6).  Thus  with 
decreasing  x  in  In;,Ga,_;,N  or  AljGt:._;,N,  B  undergoe' 
a  deep-inert  transition  (Figs.  19  and  31).  (The  isoelect¬ 
ronic  impurity  has  no  long-ranged  Coulomb  potential 
and  hence  no  shalloy'^evels;  thus  it  becomes  inert  rather 
than  shallow  when  its  deep  levels  are  all  resonant  with- 
host  bands.)  The  other  column-III  isoelectronic  defects 
are  inert  in  InN,  GaN,  and  AIN. 

Column-V  impurities  on  the  N  site  (except  N’)  all  pro¬ 
duce  occupied  p-Iike  levels  in  the  gap  and  are  hole  traps 
in  InN,  GaN,  and  AIN  (Figs.  9,  26,  and  30).  In  addition, 
Bi  and  Sb  in  InN  have  occupied  5-like  le,vels  in  the  gap 
for  InN.  (These  levels  descend  into  the  valence  bands  of 
GaN  and  AIN.) 

V.  SUMMARY 

We  have  predicted  the  electronic  structures  of  IiiN, 
In;jGai_^N,  and  InvAl,_;,N,  and  find  that  these  materi¬ 
als  exhibit  direct  band  gaps  ranging  from  orange  to  ultra¬ 
violet.  We  find  that  the  N  vacancy,  not  the  antisi'c  de¬ 
fect  Nj„,  is  primarily  responsible  for  InN’s  «-type  charac¬ 
ter  as  grown.  We  propose  that  the  nitrogen  vacancy  is 
also  responsible  for  the  0.2-eV  absorption  feature  and  we 
confirm  the  Tansley-Foley  suggestion  that  In.s-  is  respon¬ 
sible  for  the  absorption  attributed  to  the  midgap  defect 
level.  We  predict  that  column-II  impurities  on  cation 
sites  should  produce  p-type  behavior,  while  column-IV 
impurities  should  yield  semi-insulating  propen ies.  B  on 
an  In  site  in  InN  should  produce  an  isoelectronic  electron 
trap,  while  column-V  impurities  on  the  N  site  .should 
yiekl  hole  traps.  However,  the  shallow -acceptor  biiuiing 
energy  may  be  too  large  to  permit  thermal  ionization  of 
large  numbers  of  holes,  and  it  may  be  difficult  to  prepare 
these  materials  with  high  concentrations  of  positive  car¬ 
riers.  Various  deep-shallow  and  deep-inert  transitions 
occur  in  the  ln^Ga|_,N  alloy  system.  We  conclude  that 
Iny  .;,Ga(,  „,N  and  In,)  j;}Al,i.;;N,  if  these  materiais  can  be 
successfully  grown,  should  produce  blue-green  lumines¬ 
cence,  and  should  be  dopable,  both  it  type  and  p  type — 
although  the  ?hallow-acceptor  binding  energy  ma;  be  so 
large  as  to  limit  the  nu  nber  of  holes  in  ilie  valence  band. 
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The  derivatives  with  respect  to  hydrostatic  pressure  are  predicted  for  deep  levels  associated  with 
s-  and  p-bonded  impurities  in  Si,  Ge,  AlP,  AlAs.  AlSb,  GaP,  GaAs,  GaSb,  InP.  InAs,  InSb,  and 
ZnSe.  It  is  shown  that  by,  combining  data,  both  for  deep  levels  and  for  their  hydrostatic-pressure 
derivatives,  with  theory  it  is  often  possible  to  determine  (i)  the  .site  of  the  impurity,  (ii-  the  .symmetry 
of  the  deep  level,  and  (iii)  a  quite  small  number  of  sub.stitutional  y-  and  p-bonded  impurities  that 
could  be  responsible  for  the  data.  We  use  this  method  to  argue  that  the  deep  levels  observed  by  Ala- 
dashvili  et  al.  in  InSb  to  lie  in  the  interval  between  0.1  and  0.15  eV  above  the  valence-band  ma.\- 
imum  are  probably  .4, -symmetric  levels  as.sociated  with  C|„  and/or  antisite  Sb|„  tor  levels  associat¬ 
ed  with  defect  complexes  involving  these  defect.s). 


1.  INTRODUCTION 

« 

Several  years  ago,  deep  levels  were  defined  as  impurity 
states  in  .semiconductors  whose  energies  were  more  than 
0.1  eV  from  a  nearby  hand  edge — namely  levels  that 
were  not  thermally  ionized  at  room  temperature.  More 
recently  this  definition  has  been  revised  as  a  result  of  the 
recognition  that  deep  levels  can,  when  perturbed,  cease 
being  energetically  deep  in  the  gap  and  can  actually  pass 
into  a  band  where  they  become  resonances.  The  current 
definition  of  a  deep  level  is  one  that  is  caused  by  the 
central-cell  p.otential  of  the  defect.'  In  fact,  all  s-  and  p* 
bonded  substitutional  impurities  in  zinc-biende  semicon* 
doctors  produce  typically  four  such  deep  levels  in  the  .vi¬ 
cinity  of  the  fundamental  band  gap:  one  s-like  (  A  |  .sym¬ 
metric)  and  one  triply  degenerate  p-like  (fi )  level.  These 
deep  levels,  more  often  than  not,  are  resonances  that  lie 
outside  the  band  gap,  and  hence  are  not  "deep”  by  the 
old  definition. 

Despite  the  fact  that  various  th'*ories  of  deep  levels 
have  been  developed,’  ''  beginning  with  the  classical  pa- 
pe.'  by  Lannoo  and  Lenglart  on  the  levels  associated  with 
the  Si  vacancy,*  the  theories  generally  have  not  been  cap¬ 
able  of  identifying  a  particular  impurity  from  the  energies 
of  its  observed  deep  levels  in  the  fundamental  band  gap. 
This  is  due  only  in  part  to  the  fact  that  the  best  theories 
of  deep  levels  have  theoretical  uncertainties  of  a  few 
tenths  of  an  eV  for  their  level  predictions. 

Ren  ct  al.''  following  the  "deep-level  pinning"  ideas  of 
Hjalmarson  c/  al.',  showed  for  substitutioi.ai  .s-  and  p- 
bonded  point  defects  on  a  site  that  alt  deep  levels  in  tlie 
band  gap  with  a  particular  symmetry  hav\  almos'  khc 
same  wave  function — independent  of  the  defect  (.see  Fie. 
1).  This  notion  was  confirmed  ..vperimentally  by  various 
electron-nucleon  double  re.so:i.ince  (ENDORI  measure¬ 
ments  of  deep-level  wave  funt.  ’ions  in  .semiconductors.’’’* 
Thus,  no  e.vperiment  that  probes  only  the  valence  elec¬ 
tronic  properties  of  a  deep  level  is  capable  of  c:-sily  identi¬ 
fying  the  impurity  re.sponsible  for  the  level;  it  is  necc.s- 
sary  ti.  probe  the  nucleus  (e.g..  with  ENDO’"  (Ref.  7)]  or 
the  core  (e.g.,  with  extended  x-ray-absorption  fine  struc- 
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ture  (EXAFS)  (Ref.  9)]  to  achieve  such  a  unique 
identification. 

The  situation  has  been  further  complicated  due  to  the 
demonstration  by  Sankey  et  al. that  e.xtendcd  substitu¬ 
tional  def  ct.?  often  have  almost  the  same  deep-level  ener¬ 
gies  as  their  constituent  isolated  impurities.  Thus  analy¬ 
ses  of  observed  energy  levels  are  unlikely  to  reveal  even  if 
the  defect  producing  the  level  is  a  point  defect.  (This 
complication  is  also  a  simplification,  because  it  means 
that  theoretically  one  need  consider  only  isolated  defects, 
since  defect  complexes  have,  to, a  good  appro.ximation, 
spectra  which  are  the  sums  of  their  constituents’  spectra.) 


FIG.  i.  Indium-s  le  substiiulional  defect  wave  funclKins  in 
InSb  aie  shown  as  functions  of  deep  energy  level  K.  The  on-siie 
wave  functioi  (  /li.O,  I  if-)  in  Me  notation  of  Ref.  6  and  lir.st- 
shell  wave  functions  (.-li.R..  \!-)  (inward-direcled  hybrids 
(Ref.  bit  and  ( .•t|,Rt.2  i/')  (oiiiward-directed  h.sbrids  iRef.  b)) 
arc  shown  by  solid.  d:ished.  and  dashed-dolled  lines,  respective¬ 
ly.  All  these  curves  are  nearly  Hat  and  show  that  the  deep  d-- 
fect  wave  functions  depend  very  little  on  their  energy  levels. 
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This  insensitivity  of  deep  impurity  levels  to  the  impuri¬ 
ty  raises  the  question  of  how  much  information  can  be 
gieaned  from  simple  electronic  measurements  of  deep  lev¬ 
els.  such  as  measurements  of  their  energies  and  pressure 
derivatives."  In  this  paper,  we  show  that  (if  we  limit 
ourselves  to  s-  and  p-bonded  substitutional  impurities  in 
zinc-blende  semiconductors)  combined  measurements  of 
a  deep  level  and  its  change  with  hydrostatic  pressure  can 
usually  determine  both  the  symmetry  of  the  level  and  the 
site  (anion  or  cation  site)  of  its  parent  impurity.  Further¬ 
more,  we  also  show  that  the  number  of  candidates  for 
producing  a  particular  deep  level  in  the  band  gap  can  be 
reduced  in  number  to  only  a  few — and  that  this  can  be 
done  even  for  impurities  in  a  small-band-gap  semiconduc¬ 
tor  such  as  InSb,  whose  (low-temperature)  band  gap  of 
0.23  eV  is  smaller  than  the  uncertainty  in  most  theories. 

II.  THEORY 

Our  theoretical  approach  is  ba.sed  on  the  model  of  elec¬ 
tronic  structure  of  Vo^l  et  the  theory  of  deep  levels 
of  Hjalmarspn  el  al,,‘  and  the  work  of  Ren  et  a/."  on 
pressure  effects.  We  note  that  Ren's  basic  approach  to 
pressure  effects  on  deep  levels  in  GaAs  led  to  the  target¬ 
ing  several  years  ago  of  oxygen  and  the  antisite  defect  as 
possible  constituents  of  the  defect  EL2—  and  that  the 
role  of  the  ..ntisite  defect  is  now  generally  acknowledged, 
while  .some  (but  not  all)  authors  continue  to  believe  that 
oxygen  is  also  a  constituent  of  EL2,  Thus  the  basic 
theoretical  approach  of  Ren  et  al.  has  a  history  of  suc- 
ce.ss,  and  we  use  that  approach  here  for  deep  levels  in 
other  zinc-blende  .semiconductors. 

The  deep  levels  E  are  obtained  by  solving  the  .secular 
determinant 

detll-Go(£)F]=0  . 

Here,  Cu(£)  is  the  Green's  function,  which  is  real  in  the 
fundamental  energy  band  gap 


0'„  =  (£-//„)  '. 

The  host  Hamiltonian  //„  is  taken  to  be  the  nearest- 
neighbor  empirical  tigiit-binding  model  of  VogI  et  o/. 
which  is  a  ten-band  model  capable  of  describing  both  the 
chemistry  of  sp''  bonding  and  th(,  indirect-gap  energy 
band  .structure  of  semiconductors  .such  as  Si  and  Gal’,  by 
virtue  of  its  five-orbital  %p 's  *  ba.sis  cente.'ed  on  each  site. 
Expre.ssed  formally  in  terms  of  Ldwdin  orbitals*' 
i  rt,/;,R)  centered  at  the  atom  in  unit  cell  R  at  site  b  th 
denotes  anion  or  cation)  the  Bloch-like  tight-binding 
basis  states  are 

R 

Here,  n  runs  over .?,  .r*.  and  the  three  p  states.  In  this 
ba.sis,  the  host  Hamiltonian  is  a  10/  10  matri.x  for  each 
wave  vector  k  (.see  Refs.  14  and  16).  By  diagonalizing 
this  matrix  and  obtaining  its  eigenvalues  £(k,/.),  namely 
the  band  structure,  and  its  eigenvectors  k./.),  namely 
the  Bloch  states,  one  can  construct  the  Green's-function 
operator 

C„(£)=2‘  )/[£-£ik,/.))  . 

k.A 

The  defect-potential  matrix  V  is  taken  to  be  diagonal 
and  centered  .solely  on  the  impurity  site  in  the  Ldwdin 
ba.sis:  this  approximation  is  now  well  established,  and 
corresponds  to  neglecting  lattice  relaxation  around  the 
impurity.'  Coulombic  charge-state  splittings”  are  also 
neglected.  Since  any  underlying  theory  for  predicting  the 
deep  levels  of  a  given  impurity  is  only  accurate  to  a  few 
tenths  of  an  eV.  the  omission  of  lattice  relaxation  and 
charge-state  splittings  doe-  not  appreciably  increase  the 
theoretical  uncertainty.  Following  Hjaimarson  et  at..' 
we  approximate  the  diagonal  matrix  elements  of  Fon  the 
impurity  site  as 


TABLE  I.  Exponents  Jhj-  (/,/'=.t,p,.\*)  for  the  bonddength  dependencies  of  the  nearest-neighbor 
matrix  elements.  Exponents  tj  are  obtained  by  fitting  the  observed  pre.ssure  dependencic.s  (Table  ID  of 
the  direct  bmd  gaps  at  f,  L,  and  X,  and  (he  indirect  gups  from  L  and  X,  to  the  valence-bund  m.tximum, 
using  the  least-squares  method. _ 


’)... 

’ll.. 

Si 

_ 

1.6(X)  ■ 

.3.825 

.3.327 

Oe 

2.400 

2.500 

3.982 

AlP 

2..386 

1.6.'7 

1.521 

1.247 

2.486 

AlAs 

3.205 

1.656 

2..398 

1.706 

3.214 

AlSb 

2.553 

4.249 

1.192 

3.272 

4.469 

Gal’ 

3.6'>7 

2.M)4 

1.630 

2.795 

2.841 

GaAs 

4.144 

2.3'-l 

2.220 

2.596 

2.665 

GaSb 

4.044 

2.01.3 

1.6.34 

2.281 

1.245 

InP 

.3.100 

4.44.3 

3.049 

2.36( 

1.207 

InAs 

2.5.39 

2.812 

3.757 

2.825 

3.014 

InSb 

4.012 

2.9X7 

2.53.3 

2.751 

3.1.34 

ZnSe 

1.874 

1.185 

I.S38 

1..3.30 

3.:  85 
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TABLE  II.  Pre.ssure  coefficients  of  zinc-blende  semiconductors  (in  meV/kbar). 


Semiconductor 

dEf/dp 

dEt.  /dp 

dEx  /dp 

dEi^r/dp 

dExr/dp 

Si 

1.0 

6.2 

3.0 

5.5' 

-1.5 

Ge 

14.2 

7.8 

5.5 

5.0 

-1.5 

AlP 

ILS” 

5.21" 

-0.62" 

4.36" 

-2.2" 

AI.AS 

12.6" 

b.lT 

0.58" 

4.82" 

-2.5" 

AlSb 

9.00 

7.5‘ 

4.0‘ 

6.4' 

-1.5 

GaP 

10.5 

5.8 

1.8‘ 

2.1' 

-1.1 

GuA.s 

10.7 

■5.0 

4.6‘ 

5.5' 

-1.5' 

GaSb 

14.7 

7.5 

6.0 

5.0 

-i.y 

InP 

8.5 

7.5‘ 

4.6' 

6.8' 

1.8' 

InAs 

10.15 

7.0 

3.5' 

4.8' 

-0.02' 

InSb 

15.5 

8.5 

6.0 

.S.3' 

-l.P 

ZnSe 

7.0 

2.5' 

-0.'3' 

1.4' 

-2.0' 

‘Reference  20, 

''R.-D.  Hong,  S.  Lee,  and  J.  D.  Dow  (unpublished). 

'Reference  21.  All  other  experimental  values  are  those  cited  in  Ref.  20. 


P’,  =/?,(u),( impurity )-tu,( host))  , 
I'^=/?p(u/p(impurity)-w^(host))  , 
and 


where  the  energies  u>,(/  =s  or  p)  are  atomic-orbital  ener¬ 
gies  in  the  solid, and  /3,  and  (J/,  are  constants  (0.8  and 
0.6,  respectively’).  These  approximations  to  the  defect- 
potential  matrix  of  a  specific  impurity,  V,  are  needed  to 
a.ssociate  a  particular  deep-level  energy  E  or  pressure 
derivative  dE/dp  with  the  impurity.  They  are  not  neces- 
.sary  to  obtain  a  relationship  between  dE/dp  and  E,  how¬ 
ever,  becau.se  this  relationship  depends  only  on  the  e.\- 
istence  of  siich  a  matrix  V,  not  on  our  ability  to  accurate¬ 
ly  predict  the  numerical  values  of  its  matrix  elements. 

Hydrostatic  prc.ssure  does  not  affect  the  defect  poten¬ 
tial  within  the  context  of  the  Hjalmarson  model,  because 
the  defect  potential  does  not  depend  on  the  Lond  length. 
It  does  alter  the  off-diagonal  two-center  matrix  elements 
of  the  host  Hamiltonian  Hq,  however,  because  these  ma¬ 
trix  elements  depend  on  the  bond  length  di 

Here,  Hjj-  am!  (/,/'=.v,  p,  and  x*)  are  the  off- 
diagonal  matrix  elements  corresponding  to  the  bond 
lengths  t/,,  and  d,  respectively:  is  the  zero-pressure 

bond  length;  the  finite-pre.ssure  bond  length  d  is  obtained 
from  the  hydrostatic  pressure  p  by  using  Murnaghan’s”' 
ecjuation  of  state 

p  =[fl„/(dfl„/c/p)][(d„/d)'‘''''’^‘''’-  1  ]  : 

and  r],i<  are  exponents  with  values  near  2,  according  to 
both  Harrison *'*  and  VogI  et  al.  We  have  obtained,  by 
trial  and  error,  .sets  of  exponents  ?/,  ,■  that  reproduce  rath¬ 
er  well  the  observed  deformation  potentials  or 


hydrostatic-pressure  derivatives  of  the  band  gaps  at  f,  X, 
and  L  symmetry  points  of  the  Brillouin  zone.  The  ex- 
pone.its  ijij-  are  presented  in  Table  1,  and  the  experimen¬ 
tal  pressure  coefficients  used  to  determine  them  are  given 
in  Table  II.-"  *' 

III.  RESULTS 

For  the  tetrahedral  ( Tj )  symmetry  of  zinc-blende  .semi¬ 
conductors,  the  secular  determinant  reduces  to  two  scalar 
equations,  one  for  s-Iike  /I  | -symmetry  deep  levels, 

'=2  |<y.^0!k.X>|V[£-£(Ic,A.)]  , 

k.X 

and  another  for  p-like  Tj  levels, 

|<:p.6,0|k,A.)|’/[£-£(k.A.)J  . 

k.K' 

We  evaluate  the  sums  usir.g  the  special-points  method^’ 
for  fixed  E,  and  then  graphically  determine  the  defect  po¬ 
tentials  y  that  produce  U/’evel  at  that  energy.  This  pro¬ 
cess  is  repeated  for  the, pressurized  semiconductor  to  ob¬ 
tain  dE/dp  versus  V  also.  Then  the  defect  potential  Fis 
eliminated  to  yield  dE/dp  as  a  function  of  £. 

It  should  be  emphasized  that  there  are  two  levels  of  ap¬ 
proximation  in  the  theory  for  the  defect-potential  matrix 
V:  (i)  the  diagonal  form  (with  arbitrary  matrix  elements 
and  )  which  is  the  only  approximation  entering  into 
the  determination  of  dE/dp  as  a  function  of  £,  and  intro¬ 
duces  a  .small  iheoretica'  uncertaiii'y  of  ~().5  meV/kbar 
into  dE/dpi"  and  (ii)  the  expressions  of  and  Vp  in 
terms  of  atomic  energies,  which  are  necessary  to  associate 
a  deep  level  £  with  a  particular  impurity  (or  defect  poten¬ 
tial)  and  introduce  an  uncertainty  in  £  of  about  ->0.3  eV. 
Thus,  the  uncertainty  in  dE/dp  as  a  function  of  V,  which 
is  the  combination  of  the.se  two  uncertainties,  is  consider¬ 
ably  larger  than  the  uncertainty  in  dE/dp  as  a  function 
of  £  (by  typically  a  factor  of  4,  as  can  be  deduced,  for  ex- 


HONG,  JENKINS.  REN,  AND  DOW 


38 


iiii- 

ample,  from  Fig.  2).  Thu.s,  although  the  uncertainty  in  E 
for  a  particular  defect  is  comparable  with  the  band  gap  of 
InSb  and  the  uncertainty  in  dE/dp  for  that  defect  is  a 
significant  fraction  of  the  predicted  range  of  possible 
values  for  dE/dp,  the  uncertainty  in  dE/dp  for  a  particu' 
lar  level  E  is  considerably  smaller,  and  so  that  relation¬ 
ship  can  be  used,  to  determine  the  symmetry  of  the  deep 
level  and  the  site  of  its  parent  impurity,  even  though 
unambiguous  determination  of  the  defect,  namely,>highly 
accurate  determination  of  E  ( V),  is  not  possible.  Here  we 
exploit  . this  fact  and  note  that  similar  elimination  of  the 
defect  potential  from  the  theory  of  ENDOR  and  ESR 
spectra  of  deep  levels  produced  successful  and  accurate 
theories.* 

The  theoretical  uncertainty  of  ~0.5  meV/kbar  in 
dE/dp  was  first  arrived  at"  by  varying  the  major  ele¬ 
ments  of  the  theory,  such  as  the  tight-binding  matrix  ele¬ 
ments  and  exponents  rf,  over  the  range  of  reasonable  pos¬ 
sibilities.  It  has  been  borne  out  by  experiments  for  the 
A I  deep  level  of  a  .V  impurity  on  an  anion  site  in  GaP 
(Refs.  12  and  23)  and  in  GaAs  (Ref.  24),  which  have  ex¬ 
hibited  the  predicted  pressure  coefficients  dE/dp.  The 
theory  can  rather  accurately  predict  a  derivative  dE/dp 
associated  with  a  deep  level  £,  even  though  it  cannot  ac¬ 
curately  assign  an  impurity  to  a  given  energy^ 

.  Since  the  relationship  dE/dp  versus  £  depends  on  the 
site  of  the  impurity  and  the  symmetry  of  its  deep  level, 
comparison  of  data  for  dE/dp  and  £  with  theory  can 
yield  the  site  of  the  impurity  and  the  symmetry  of  its 
deep  level.  Once  the  site  and  the  .symmetry  arc  known, 
the  number  of  candidates  for  producing  such  a  level  £  (to 
within  a  few  tenths  of  an  eV)  is  greatly  reduced. 

We  illustrate  this  point  for  cleep  levels  in  InSb,  a  ma- 


InSb 


l-'IG.  2.  Pressure  eiieflieieiits  illi/dp  iii  iiieV/kbar  for  deep 
defect  levels  m  InSb  as  funciions  of  ihei  energies  £  tin  eVi  in 
the  band  gap.  The  predicted  values  of  clH/dp  and  /;  for  specific 
impurities  on  parlicalar  sites  arc  itidtcated  bv  circles.  On  the 
sides  of  the  figure  are  impurities  e.xpecled  to  pioduce  deep  levels 
in  the  host  bands,  but  within  0..3  eV  of  the  gap.  The  bo.\ed. 
shaded  region  corresponds  to  data  of  Aladaslivili  ut  ul.  (Ref. 
25). 


terial  whose  band  gap  is  smaller/than  the  theoretical  un¬ 
certainty.  The  predicted  pressure  derivatives  dE/dp  are 
given  in  Fig.  2  as  functions  of  the  deep-level  energies  £. 
(The  estimated  theoretical  uncertainty  in  di'./dp  is 
roughly  0.5  meV/kbar.)  The  impurities  associated 
theoretically  with  the  deep  levels  £  arc  al.so  displayed  on 
each  curve — although  this  association  is  limited  by  a 
few-tenths-of-an-eV  theoretical  uncertainty  in  the  energy 
£  o.‘‘  the  deep  level  associated  with  a  specific  impurity. 
Therefore  we  have  shown  on  the  sides  of  the  figure  those 
impurities  (including  the  vacancy,  denoted  Va)  that 
might  have  deep  levels  in  the  band  gap  if  the  theory's 
deep-level  predictions  were  altered  by  0.3  eV.  We  have 
considered  as  impurities  the  atoms  from  columns  IIB  and 
III-VIII  of  the  Periodic  Table,  as  well  as  Li,  Na,  K,  Rb, 
Be,  and  Mg. 

To  illustrate  how  the  theory  can  be  applied  to  identify 
deep  impurities,  consider  the  deep  levels  observed  by  Ala- 
dashvili  ct  al.'-  near  0.15  eV  in  InSb,  with  pre.ssure 
derivatives  of  ~  I  meV/kbar.  The.se  levels  (.see  Fig,  2) 
correspond  to  either  In-.site  T,  levels  or  In-site  Af  levels 
within  the  uncertainty  of  0.5  meV/kbar.  However,  no 
In-.site  7*2  levels  lie  at  .such  energies,  to  within  -0.3  eV, 
indicating  that  the  only  candidates  from  the  .set  of  .r-  and 
p-bonded  .substitutional  impurities  for  producing  the.se 
levels  are  the  In-site  A ,  levels:  S,  Rn.  Se,  I,  At,  C,  Te,  P, 
As,  Po,  Sb,  Ge,  Bi,  and  Si.  Thus  w  *  have  reduced  the 
possibilities  to  .some  impurities  from  Columns  IV,  V,  and 
VI  of  the  Periodic  Table  on  the  In  .site,  producing  Af 
.symmetric  levels. 

Two  of  these  defects  are  very  likely  to  be  present  in 
InSb:  C  and  Sb.  While  C  is  very  likely  more  .soluble  on 
the  In  site  tt<an  Sb,  the  native  anti.site  defect  should  al.so 
be  easily  formed.  In  this  regard,  we  note  that  the  concen¬ 
tration  of  antisite  defects  should  be  greatly  increa.scd  by 
radiation  damage,  and  .so  .such  studies  of  Aladushvili's 
deep  levels  should  permit  identification  of  the  deep  im¬ 
purity,  if  it  is  indeed  an  anti.site  defect. 

The  observation  of  several  deep  levels  near  0.1  eV 
probably  is  due  either  to  the  defects  being  clustered  in 
complexes,  or  to  there  being  different  impurities,  such  as 
C  and  S.S  with  nearly  equal  deep-level  energies. 

In  any  ca.se,  this  illustration  for  InSb  .shows  how 
h..drostatic-prcssure  data,  when  combined  with  deep- 
level  data,  can  determine  the  .site  o.‘'  the  impurity  and  the 
.symmetry  of  the  deep  level,  while  .simultaneously  restrict¬ 
ing  the  candidates  for  producing  the  deep  level  to  a  few 
impurities. 

The  predictions  for  deep  impurities  for  other  zinc- 
blende  .sef.iiconductors  are  given  in  Figs.  3-13.  For  the 
most  pa.'t  we  find  dE/dp  larger  for  cation-site  levels  than 
for  anion-site  levels,  although  this  situation  can  be  re¬ 
versed  for  .svime  (especially  T,  .syriimetric)  levels  if  the 
levels  are  very  near  the  conduction-band  edge. 

We  can  understand  these  calculated  results  qualitative¬ 
ly  by  using  a  defect-molecule  model,  as  shov  n  in  Fig.  14. 
In  Fig.  14(a)  are  shown  the  In  and  Sb  atomic  energy  lev¬ 
els.  After  solid  IrSb  is  formed,  the  atomic  energy  levels 
become  levels  in  the  .solid,  as  depicted  in  Fig.  l-llb),  and 
their  ordering  is  different  from  in  the  free  atoms,  due  to 
interaction  between  atoms.  Under  hydrostatic  compres- 
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FIG.  3.  Pressure  coefTicients  dE/dp  in  meV/kbar  for  deep 
defect  levels  in  InAs  as  functions  of  their  energies  E  (in  eV)  in 
the  band  gap. 
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FIG.  •»,  Pressure  coeflicients  dE/dp  in  meV/kbar  for  deep 
defect  levels  in  InP  as  functions  of  their  energies  £  (in  eV>  m  the 
band  gap. 
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FIG.  5.  Pressure  coefficients  dE/dp  in  meV/kbar  for  deep 
defect  levels  in  GaSb  as  functions  of  their  energies  £  (in  eVt  m 
the  band  gap. 
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FIG.  6.  Pressure  coefficients  dE/dp  in  meV/kbar  for  deep 
defect  levels  in  GaAs  as  functions  of  their  energies  £  (in  eV)  in 
the  band  gap. 
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FIG.  7.  Pressure  coefficients  dE/dp  in  meV/kbar  for  deep 
defect  lesels  in  GaP  us  functions  of  their  energies  £  (in  eV)  in 
the  band  gup. 
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FIG.  8.  Pressure  coefficients  dE/dp  in  meV/kbar  for  deep 
defect  levels  in  AlSb  us  functions  of  their  energies  £  (in  eV)  in 
the  bund  gup. 
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FIG.  9.  Pressure  coelTicicnis  ilh'/dp  in  meV/khar  for  deep 
defect  levels  in  AlAs  as  functions  of  their  energies  1C  (in  eV)  in 
the  hand  gap. 


FIG.  10.  Pressure  cocllicicnts  dlC/dp  in  nieV/khar  for  i..ep 
defect  levels  in  All*  as  functions  of  their  energies  /;  (in  eVt  in  the 
band  gap. 


Pl(j.  I>.  Pressure  eoellieienis  (//•.'/<//>  01  ineV/kliar  for  deep 
defect  levels  in  /.n.Se  as  funelions  of  llieir  energies  /:  tin  eV)  in 
the  hand  gap. 


r-IC).  12.  Pressure  cocITicien;'  dE/dp  in  meV'/kbar  for  deep 
defect  levels  in  Si  as  functions  of  their  energies  R  (in  eV)  in  the 
hand  gap. 


sion.  the  interaction  between  atoms  increases,  and  the 
levels  .shift  as  shown  by  arrows  in  Fig.  14(b).  (In  the 
solid,  these  energy  levels  are  energy  levels  of  a  defect  mol* 
ccule  consisting  of  one  atom  and  its  four  nearest 
neighbors— and  .so  ihi;  levels  should  be  thought  of  quali¬ 
tatively  as  representing  the  center  of  gravity  of  the  corre¬ 
sponding  partial  densities  of  states.)  The  In  r>  level  must 
move  up  in  energy  and  the  Sb  A  |  level  must  go  down, 
due  tt>  level  repulsion.  The  nearest-neighbor  coupling 
dictates  that  level  repulsion  cause  the  In  A ,  level  to 
move  up — in  the  opposite  direction  of  Sb  A\.  Similarly, 
the  Sb  7’;  level  moves  to  lower  energy.  Since  the 
valence-band  ma.simum  has  predominantly  Sb  T>  charac¬ 
ter  and  is  taken  to  be  the  zero  of  energy,  the  pressure 
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Mfi.  1.3.  Pressure  eoeirieier.ts  dK/dp  in  meV/kbar  for  deep 
defect  levels  in  Ge  as  funelions  of  their  energies  K  (in  eV)  in  the 
band  gap. 
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FIG.  14.  Defect-molecule  model  foi  InSb.  (a)  Atomic  energy 
levels  'y  and  p  orbitulsi  for  in  and  Sb.  (b)  In  the  zinc-blende 
cry.slal  symmetry,  the  atomic  energy  I'vels  form  singlet  A,  lev¬ 
els  and  triplet  T-  levels.  The  shaded  region  is  appro.ximately 
the  band  gap  of  InSb.  The  arrows  indicate  the  e.xpected  direc¬ 
tions  of  movement  of  these  host  levels  (and  the  imparity  levels 
derived  from  them)  when  hydrostatic  compression  is  applied  to 
the  InSb  crystal. 


EJjCln) 

E^CSb) 

e,-'In) 


coefficient  of  the  Sb  T-  levels  are  small  in  magnitude. 
The  In-.site  /<  | -.symmetric  impurity  levels  in  the  band  gap 
have  a  larger  pressure  dependence  than  In-site  Tj  levels, 
because  the  A ,  host  levels  are  closer  to  the  gap  and 
hence  repel  impurity  levels  more.  The.se  general  rules 
normally  govern  the  pressure  dependencies  of  the  deep 
impurity  levels — although  they  are  sufficiently  qualita¬ 
tive  in  character  that  e.xceptions  to  them  are  to  be  e.xpect- 
ed. 

In  summary,  we  have  predicted  the  hydrostatic- 
pressure  dependencies  of  deep  levels  in  12  semiconduc¬ 
tors  and  have  shown  how  pre.ssure  data  can  be  analyzed 
to  yield  the  .site  of  the  deep  impurity,  the  .symmetry  of  the 
deep  level,  and  either  the  impurity  it.self  or  a  handful  of 
candidates  likely  to  be  the  impurity  responsible  for-ithe 
deep  level. 
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Dependence  on  uniaxial  stress  of  deep  levels  in  III*V  compound 
and  group*IV  elemental  semiconductors 

David  W.  Jenkins,*  Shang  Yuan  Ren,^  and  John  O.  Dow 
Department  of  Physics,  University  of  Notre  Dame,  Notre  Dome,  Indiana  46556 
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The  ^uniaxial-stress  dependences  of  substitutional  s-  and  p-bonded  deep  impurity  levels  in-  the 
semiconductors  AlP,  AlAs,  AlSb,  GaP,  GaAs,  GaSb,  InP,  InAs,  InSb,  Si,  and  Ge  are  siudied' 
theoretically  for  stresses  applied  along  the  [100],  (1 10],  and  [111]  directions.  We  find  that  stress  ap¬ 
plied  along  the  [1 10]  direction,  in  particular,  causes  splittings  and  shifts  of  deep  levels  associated 
with  a  point  defect  that  can  be  used  (i)  to  determine  uniquely  the  symmetries  of  the  levels  (s-like  or 
p-like)  and  (ii)  to  identify  the  site  (anion  or  cation)  of  the  associated  impurity. 


I.  INTRODUCTION 

Substitutional  defects  in  semiconductors  give  rise  to  lo¬ 
calized  states  with  energy  levels  often  lying  deep  in  the 
fundamental  energy-band  gap.  Given  experimental  evi¬ 
dence  of  such  a  level,  it  is  difficult  to  associate  the  level 
with  a  specific  impurity,  based  on  the  energy  of  the  level 
alone,  due  to  the  hostlike  nature  of  substitutional  impuri¬ 
ty  states.  Although  different  impurities  have  defect  po¬ 
tentials  that  differ  by  typically  1  to  10  eV,'  their  deep- 
level  wave  functions  are  antibonding  and  hostlike  in  char¬ 
acter,  with  very  little  amplitude  in  the  impurity  cell.  As 
a  result  their  wave  functions  depend,  very  little  on  the  im¬ 
purity  and  h.-nce  the  deep  energy  levels  of  different  im¬ 
purities  often  lie  within  a  few  tenths  of  an  eV  of  one 
another. 

Sinci^,  to  a  good  approximation,  the  wave  f'lnctions  of 
an  5-like  ( 1 )  or p-like  (Ti)  deep  level  associated  with  an 
impurity  on  a  specific  site  (anion  or  cation)  is  independtn: 
of  the  impurity,'  it  i‘  very  difficult  to  perform  an  electron¬ 
ic  experiment  on  a  deep  level  that  will  identify  the  impur¬ 
ity  responsible  for  it.  Experiments  that  probe  the  core 
[such  as  extended  x-ray-absorption  fine  structure  (EX- 
AFS)  (Ref.  3)]  or  the  nucleus  [such  as  electron-nuclear 
double  resonance  (ENDOR)  (Ref.  4)]  are  needed  for  such 
identification.  Nevertheless,  as  we  show  here,  electronic 
experiments  that  probe  the  deep  level’s  energy  or  wave 
function  can  determine  the  'ite  of  the  associated  defect 
and  the  symmetry  of  its  deep  level,  and,  when  informa¬ 
tion  from  several  such  electronic  experiments  is  com¬ 
bined,  it  is  often  possible  to  eliminate  all  but  a  few  impur¬ 
ities  as  candidates  for  producing  the  level. 

In  this  paper  we  predict  the  uniaxial  stress  depen¬ 
dences  of  deep  levels  in  semiconductors  and  show  how 
these  dependence.^  can  be  used  to  facilitnic  the  associa¬ 
tion  of  specific  impuri'ies  with  observed  deep  levels.  We 
treat  5-  and  p-bonded  .substitutional  impurities  in  the 
semioonductiirs  AH’,  AlAs,  AlSb,  JuP,  GaAs,  GaSb, 
InP,  InAs,  InSt),  Si,  and  Ge.  with  the  api  '^  -'^  stress  in  the 
[1(X)],  [110], and  [III] directions. 

Deep  impurity  states  are  due  to  the  central-cell  poten¬ 
tial  and  are  fundamentally  different  from  the  weli-knowii 


shallow  levels  described  by  effective-mass  theory.*  Under 
hydrostatic  pressure,  the  shallow  levels  tend  to  follow  tlie 
associateri  band  edge:^  the  levels  shift  tn  energy  an 
amount  roughly  equal  to  the  shift  in  the  associated  band 
edge.  In  contrast,  deep  levels  do  not  follow  the  band 
edge.  For  example,  Wolford  et  alP  have  shown  that  the 
conductioiirband  edge  in  GaAs-rises  fasjer  in^energy  un¬ 
der  hydrostatic  pressure  than  the  N  deep  level.  At  zero 
pressure  this  level  is  actually  resd^uiit  with  the  conduc¬ 
tion  band  and  emerges  into  the  fundamental  energy-band 
gap  at  r pressure  of  22  kbar.  Tht  level  clearly  does  not 
follow  the  conduction-band  edge  and  so  is  necessarily  a 
deep  level.  (Here,  we  use  the  new  definition  of  a  deep  lev¬ 
el'  as  one  caused  by  the  defect’s  central-cell  potential, 
and  not  the  old  definition;  a  level  more  than  0.1  eV  deep 
in  the  gap.  As  a  result,  we  term  the  5-like  N 
symmetric  level  in  GaAs  deep,  althougli  it  lies  above  the 
conduction-band  edge.) 

Hydrostatic-pressure  measurements  car  confirm  that  a 
level  is  not  attached  to  any  nearb.  band  edge,  and  there¬ 
fore  is  indeed  deep.  Moreover,  Ren  et  al}  and  Hong 
et  al.'*  have  shown  that  quantitative  analyses  of  such 
measurements  can  determine  the  site,  anion  or  cation, 
and  the  symmetry,  <4,  (5-like)  or  Fj  '"-like),  for  some, 
but  not  all,  deep  levels.  In  contrast  to  hydrostatic  pres¬ 
sure,  which  merely,  hhifts  the  energies  of  the  deep  levels, 
uniaxial  stress  cau  cs  Fj-symmetric  deep  levels  to  split, 
while  the  orbitally  tondegeneratc  A  |  levels  shift.  Hence 
uniaxial  stress  car, be  even  better  than  hydrostatic  pres¬ 
sure  for  determining  the  symmetry  of  a  deep  level.  More¬ 
over,  the  .size  of  the  uniaxial-stre.ss-induced  splittings  de¬ 
pends  both  on  the  site  of  the  impurity  and  oh  the  magni¬ 
tude  and  direction  (relative  to  the  crystal  axes>  of  the  ap¬ 
plied  stress.  Hence,  analyses  of  stress-induced  deep-level 
splittings  can  help  determine  not  only  tlie  symmetry  of 
the  level,  but  also  whether  the  impurity  is  on  the  anion  or 
the  cation  site. 

II.  THEORY 

Our  calculaticf of  the  dependencies  on  uniaxial  stress 
of  deep  levels  are  based  on  the  theory  of  Hjalmarson 
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et  aO  and  extensions  of  those  theories  by  Ren  et  al* 
Our  basic  approach  is  to  construct  an -empirical  tight* 
binding  Hamiltonian  fo  the  stressed  semiconductor, 
based.on  the  ideas  of  VogI  er  0/.  '“  In  order  to  do.this  we 
must  first  determine  how  a  particular  uniaxial  stress 
changes.bond  lengths  in  the  semiconductor.  We  consider 
two  types  of  stress-induced  changes  of  atomic  positions 
and  tend  lengths:  (i)  If  there  is  not  a  shear  strain,  the 
changes  of  the  relative  positions  of  all  the  atoms  in  the 
crystal  are  given  simply  by  first-order  elasticity  theory," 
and  (ii(  if  there  is  a  shear  strain,  “internal  displace¬ 
ments'"'  must  also  be  considered. 

In  terms  of  first-order  elasticity  theory,  the  change  in 
the  X  coordinate  of  an  atom  initially  at  position 
r--tXo,yo»'*o)  relative  to  the  origin  is 

^**/’l[ci2~(‘^ii+2C|2)«i]xo/(cn+2c,2){c,,.rc,2) 

-n^nyyo/2c^^-n^n,^o/2c^^  \  ,  (1) 

where  Cn  and  C|2  are  the'longitudinal  and  transverse 
elastic  constants  and  C44  is  the  shear  elastic  constant. 
Similar  expressions  hold  for  other  components  :)f  the  dis¬ 
placement  Ar."  ^Here:,  the  stress  is 

P-P{n^,ny,nj) ,  (2) 

where  P  isithe  magnitude  of  the  applied  force  per  unit 
area  and  are  the  cosines  defining  the  direction  of 

the  applied  stress. 

Under  uniaxial  stress,  the  Brillouin  zone  in  momentum 
space  also  changes  due  to  changes  in  the  atomic  posi¬ 
tions.  In  terms  of  first-order  elasticity  theory,  the  change 
in  the  Jt  component  of  the  wave  vector  k  =  (Ax,A:”,A-J’)  is 


A/Cj,— /’|[(C|| +2C|2)flx  C,2]/c”/(C||+2Ci2)(C||  C12) 

+n^nyk'^/2c^4-rn,n.ki/2c44\  .  (3) 

Similar  expressions  hold  for  o.her  components  of  the  dis¬ 
placement  Ak. " 

Elasticity  theory  adequately  de.scribes  the  change  in 
positions,  due  to  applied  stress,  of  all  tlic  atoms  in  the 
semiconductor  except  for  the  atom  at  'he  origin  [see  Eq. 
(I)].  Kleinman'^  pointed  out  that  if  we  choose  the  origin 
at  the  unstrained  position  of  an  atom,  that  atom  moves  a 
distance  proportional  to  the  applied  stress  P,  when  the 
stress  invo'vcs  shear,  as  is  the  case  for  pressures  directed 
along  the  [110]  or  [1 1 1]  axes  (but  not  for  the  [1(X)]  stress). 
Segmiiller  and  Neyer  confirmed  Kleinman's  internal- 
displacement  ptediction  for  [1 1 1]  stress  in  Gc  and  Si  (see 
Figs.  1-3)."'  Under  [111]  stres.s,  the  internal  displace¬ 
ment  is  -tPa,  (l,l,l)/12c44,  where  F  is  the  magni.ude 
of  the  stress,  044  is  the^ejastic  constant  for  shear  strains, 
0/,  is  the  lattice  constant,  and  ^  is. Kleinman's  internal- 
displacement  paramctei i^(Fig.  3).  Under  [110]  .stress, 
the  interna!  displacement  is  —^Pai_(0,0, 1  )/8c44. 

Harri.so’:  has  calculated  Kleinman's  parameter  for  a 
number  of  zinc-blende  III-V  compound  and  group-IV  ele¬ 
mental  semiconductors,  and  has  found  all  to  be  close  to 
0.6."  Thus  we  take  ^  =0.6  for  all  semiconductors  studied 
here.  Wc  then  compute  the  nearest-neighbor  bond 
lengths  J  given  in  Table  I  'see  Figs.  1-3),  including  both 
the  effects  of  first-order  elasticity  theory  and  internal- 
displacement  theory. 

With  the  stress-perturbed  bond  lengths  determined 
from  first-order  elasticity  theory  and  internal- 
displacement  theory,  it  is  possible  to  construct  an  empiri¬ 
cal  tight-binding  Hamiltonian  for  the  stressed  semicon- 


TABLE  I.  Relative  change  in  bond  lengths,  between  atoms  at  the  origin  (zero-stress)  and  the 

nearest -neighbor  atoms  in  a  zinc-blende  cry.sial  structure  under  stress  ipplied  in  the  |100],  (1 10],  !!nd 
[111]  directions  (see  Figs.  1  -3).  The  bulk  modulus  is  defined  in  elasticity  theory  by  5  =(rii  +  2cp  1/3. 

Stress 

Zero-stress  position 

Relativ.-  change  in 

direction 

of  neighbor 

bond  length  d/d., 

|ltX)j 

[c,(l.l.ll 

i\-p/m 

(lOOj 

4«,  (l,-l.-l) 

(I-/'/*)/)) 

(100) 

|u,,(-l.l.-II 

(1-/V'lfli 

(KX)] 

Jo,(-l.-l.l) 

II -/'/-)«) 

(110] 

>.(1.1.1) 

(1-1 />/')/)  ill-t-.>«|(l-i:j/2c„]!) 

(110] 

>,.(!.  -  1,-1) 

(l-(/’'"/()ll-3/(((l-i:)/2c44]:) 

(110] 

>,(-l.l.-l) 

(l-(/»/')«)|l-.3/)(ll-^“'/2f„]|) 

(110] 

>,(  ■  1.  '  l.l) 

(l-t/*/')«)|l+3/)[(l-p/2f„]|) 

(111] 

(.  -l/V')»l|H  3//((l-p/c4.J|) 

(111] 

>,<l.-l.-l) 

(l-(/V<)fl)ll-«('l+C:i/c,.;!) 

(III) 

l0|(-  I.I.-  1) 

(l-l/V')fl)|l-/)l(l+p/c4,]|) 

(111) 

l.l) 

(1  (/V')/'l||-/)[ll+p/C44]|) 
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FIG.  1.  Schematic  illustration  of  chan|e  of  atomic  positions 
of  an  impurity  and  its  neighbors,  induced  by  uniaxial  stress  in 
the  [100]  direction.  Solid  (dashed)  circles  are  the  positions  of 
atoms  under  zero  (finite)  stress.  Each  of  the  neighbors  shift 
closer  to  the  impurity,  by  the  same  distance.  Each  neighbor 
‘'.iso  shifts  closer  to  another  neighbor.  The  impurity  does  not 
move  under  [100]  applied  stress.  The  stress  causMp>like  Tj  m* 
purity  levels  to  split:  one  state,  b],  is  directed  along  the  streu 
direction  and  the  other  two  states  (not  shown)  are  perpendicular 
to  the  stress  direction. 


110 

fin  it* 


FIG.  2.  Schematic  illustration  of  change  of  atomic  positions 
of  an  impurity  and  its  neighbors,  induced  by  uniaxial  stress  in 
the  [110]  direction.  Solid  ■.dashed)  circles  are  the  positions  of 
atoms  under  zero  (finite)  stress.  Two  of  the  neighbors  shift 
closer  to  the  impurity  by  the  same  distance  and  the  other  two 
neighbors  shift  very  little.  The  two  neighbors  that  shift  also 
shift  closer  to  each  other.  The  impurity  displaces  in  the  [OOT] 
direction  (see  text).  The  stress  causes  p>like  Tt  impurity  levels 
to  split:  one  state,  b^,  is  directed  along  the  stress  direction  and 
two  states  are  directed  perpendicular  to  the  stress— a  |  is  direct* 
ed  along  the  [(X)l]  direction  and  b|  is  (not  shown)  directed  along 
the  [1  To]  direction. 


111 


FIG.  3.  Schematic  illustration  of  change  of  atomic  positions 
of  an  impurity  and  its  neighbors,  induced  by  unuixial  stress  in 
the  [Ill]  direction.  Solid  (dashed)  circles  are  the  positions  of 
atoms  under  zero  (finite)  stress.  One  neighbor  sh-t'ts  closer  to 
the  impurity..  The  other  three  neighbors  shift  slightly  further 
from  the  impurity  and  further  from  each  other.  The  impurity 
displaces  in  the  [TTT]  direction  (see  text).  The  stress  causes  ^ 
like  Ti  impurity  levels  to  split:  one  state,  C),  is  directed  along 
the  stress  direction  and  two  .states,  e  (not  shown),  are  di.-ected 
perpendicular  to  the  stress. 


ductor.  Following  the  ideas  of  Slater  and  Kester,'^  Har* 
rison,’^  and  Vogl  et  we  use  a  ten^band,  nearest- 
neighbor  model  to  treat  the  electronic  structure,  with  an 
sp^s*  orbital  basis  centered  on  each  atomic  site.  (The  sp^ 
basis  is  needed  to  reproduce  the  chemistry  of  the  covalent 
bonding;  the  additional  orbital,  s*,  is  required  to  yield 
indirect-gap  band  structures,  such  as  those  of  Si  and 
GaP.)  In  the  zero-stress  case  the  model  is  the  same  as 
that  of  Vogl  tt  a/.,  and  has  the  property  that  the  diagonal 
(on-site)  matrix  eleme.nts  depend  on  the  atomic  energies, 
but  not  on  the  bond  lengths.  Thus  we  assume  that  stress 
does  not  alter  the  Hamiltonian’s  on-site  matrix  elements, 
but  that  the  stress-induced  bond-angle  distortions  and 
bond-length  changes  can  be  incorporated  into  the  off- 
diagonal  matrix  elements  of  the  VogL^!ami!tonian.by  us¬ 
ing  the  Slater-Koster  definitions'*  of  these  matrix  ele¬ 
ments  and  a  generalization  of  Harrison’s  rule'^  for  their 
dependence  on  bond  length:  for  the  matrix  element  be¬ 
tween  s  and  Px  sf*ics  on  neighboring  states  we  have 

[cos(9)/cos(do)](do/d)’’’'  .  (4) 

with  similar  expressions  for  the  dependences  of  the  other 
off-diagonal  matrix  elements  on  d  and  d.  Here  Jq  and  d 
are  the  zero-  and  finite-stress  bond  lengths;  6^  and  0  are 
the  zero-  and  finite-stress  bond  angles  relative  to  the  crys¬ 
tal  axes,  and  is  the  zero-stress  matrix  element.  The 
coefficients  T)a,g  were  fitted  previously’’’  to  :he 
hydrostatic-pressure  dependences  of  the  energy-band  gap 
and  are  list^  in  Table  II.  With  these  matrix  elements  it 
is  possible  to  construct  the  Hamiltonian  Hq  for  the 
stressed  semiconductor. 
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TABLE  II.  Exponents  i;  for  the  bond*iengih  dependence  of  the  nearest^neighbor  matrix  elements 
(see  Eq.  (2)]  and  elastic  constants  Cn,  Cij.  and  C44.  Exponents  are  taken  from  Refs.  8  and  9  and  elastic 
constants  from  Ref.  17,  unless  noted  otherwise. _ _ 


V,., 

V»., 

Vs., 

Cll 

C|2 

C44 

AlP 

2.386 

1.637 

1.521 

1.247 

2.486 

(14.12 

6.25 

7.05)' 

AlAs 

3.205 

1.656 

2.398 

1.706 

3.214 

(9.85 

4.44 

4.95)'’ 

AlSb 

2.553 

4.249 

1.192 

yni 

4.469 

8.94 

4.43 

4.16 

GaP 

3.697 

2.804 

1.630 

2.795 

2.841 

14.12 

6.25 

7.05 

GaAs 

A144 

2.341 

2,596 

2.220 

2.665 

11.81 

5.32 

5.92 

GaSb 

2.719 

2.923 

2;il9 

1.172 

3.891 

8.84 

4.03 

4.32 

InP 

3.100 

4.443 

3.049 

2.366 

1.207 

10.22 

5.76 

4.60 

InAs 

2.539 

2.812 

3.757 

2.825 

3.014 

8.33 

4.53 

3.96 

InSb 

4.012 

2.987 

2.533 

2.751 

3.134 

6.67 

3.65 

3.02 

Si 

3.000 

1.600 

3'.825 

2.6fjb 

3.327 

16.57 

6.39 

7.96 

Ge 

4.400 

2.400 

2.300 

2.5o6- 

.  .3.982 

12.89 

4.83 

6.71 

'Elastic  constants  for  AlP  are  taken  to  be  the  same  as  those  for  GaP.  We  are  unaware  of  any  experi* 
mental  values  for  AlP. 

'’Elastic  constants  for  AlAs  are  taken  from  C.  Coivard,  R.  Merlin,  M.  V.  Klein,  and  A.  C.^Gossard, 
Phys.Rev.Utt.45,298(1980). 


The  defect  levels  ;are  calculated  by  solving  Dyson’s 
equation, 

det(l-Gon=0,  (5) 

where  (Jq  is  the  host  Green’s  function  and  V  is  the  defect 
potential.  The  host  Green’s*function  operator  is 

Go(£)=(£-//o)"' •  (6) 

The  defect  potential  k'  is  a  diagonal  matrix  with  its 
nonzero  diagonal  matrix  elements  K,  and  Vp  determined 
using  the  prescription  of  Hjalmarson  et  ah '  The  impuri* 
ty  levels  are  computed  for  both  zero  stress  and  hnite 
stress.  Stress  derivatives  are  then  computed  at  a  small 
pressure  (£=0.5  kbar).’* 

While  we  could  plot  £  versus  K,  or  and  (as  origth^l* 
ly  predicted  by  Hjalmarson  et  ah')dE/dP  versus  the  ap¬ 
propriate  y,  thereby  predicting  both  deep  levels  and  their 
pre.s.sure  derivatives,  it:is  now  well  established  that  the 
theory  produces,  very  reliable  relationships  such  as  £ 
versus  dE/dP,  whereas  its  absolute  predictions  of  energy 
levels  (£  versus  V)  are  less  reliable.*  Therefore  we  plot 
dE/dP  versus  £,  while  labeling  the  lines  of  each  figure 
with  the  impurities  whose  defect  potentials  V-irc  predict¬ 
ed  to  produce  deep  levels  at  the  energy  £.  The  reason, 
that  the  relationships  are  so  reliable  is  that  they  can  be 
calculated  without  knovying  the  defect  potential  V  pre¬ 
cisely.  A  difference  of  only  a  few  eV  in  the  defect  poten¬ 
tial  can  cause  a  few-tenths-of-an-eV  difference  in  an  ener¬ 
gy  level  in  the  gap,  but  the  uncertainty  in  V  does  not 
affect  the  relationship  between  dE/dPand  £.  Deep-level 
wave  functions  are  typically  antibonding  and  hostlike,^ 
and  so,  although  defect  potentials  that  produce  deep  lev¬ 
els  in  the  band  gap  may  differ  by  large  amounts,  say 
several  eV,  the  energy  levels  and  wave  functions  of  th(«e 
deep  levels  are  much  closer  to  one  another — indicating 


that  a  theory  of  dE  /dP  as  a  function  of  £  would  be  free 
of  the  relatively  large  uncertainties  (associated  with  the 
approximate  value  of  the  defect  potential  V)  to  be  found 
in  a  theory  of  dE  /dP  as  a  function  of  V. 

III.  RESULTS 

The  predicted  uniaxial-stress  derivatives  dE/dP  of 
deep  levels  in  the  band  gap  of  AlAs,  for  stress  applied  in 
the  [100],  [110],  and  [111]  directions,  are  shown  in  Figs. 
4,  5,  and  6  respectively.  The  pressure  coefficients  dE/dP 
are  plotted  as  functions  of  defect  energy  level  (relative  to 
the  valence-band  edge)  for  ail  s~  and  p-bonded  impurities 
with  levels  in  the  gap.  Thesi*  results  are  representative  of 
the  III-V  compound  semiconductors. 

Note  that  the  signs  and  the  magnitudes  of  the  splittings 
and  the  shifts  depend  rather  sensitively  on  the  energy  of 
the  level  in  the  gap,  on  the  site  of  the  impurity,  and  on 
the  direction  of  the  applied  stress. 

No  simple  ordering  of  pressure  derivatives  is  to  be  ex¬ 
pected.  This  is  because  the  pressure  derivatives  of  deep 
levels  are  sensitive  to  shifts  in  pressure  of  both 
conduction-  and  valence-band  densities  of  states — as 
pointed  out  by  Hong  et  ah''  for  the  case  of  hydrostatic 
pressure  (see  below.) 

A.  Symmetry 

Uniaxial  stress  shifts  (he  s-like  A ,  levels  and  splits  the 
p-like  Tj  levels,  regardless  of  whether  the  stress  is  applied 
along  the  [100],  [110],  or  [1 1 1]  axes.  For  .stress  along  the 
[1 10]  direction,  tin  threefold  degeneracy  of  a  T,  state  is 
completely  removed,  whereas  in  the  [100]  and  [111] 
directions  a  thrcefold-deguncratc  'A  ^ 

twofold-degenerate  level  and  a  nondegenerate  level  (see 
below.)  This  splitting,  if  it  is  observed,  will  distinguish  a 
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Ti  level  from  an  A  j  level.”  However,  the  absence  of  an 
observable  splitting  is  not  conclusive  evidence  for  the  A  y 
character  of  a  level — because  the  splitting  may  be  too 
small  to  be  resolved. 

There  do  not  appear  to  be  any  general  rules  stating,  for 
example,  that  states  associated  with  anion-site  impuri¬ 
ties  split  more  than  cation-.site  impurities.  Therefore, 
while  the  splittings  may  indicate  the  symmetry  of  a  deep 
level,  quantitative  analyses.of  the  observed  splittings  may 
be  necessary  to  determine  the  site  of  the  parent  impurity. 

B.  ^ , -derived  states 

For  uniaxial  stress  in  any  of  the  directions  [100],  (110), 
or  [lll]i  or  for  hydrostatic  pressure,*”  the  Ay  states 
behave  similarly  for  all  the  semiconductors:  these '\tates 
exhibit  rather  small  pressure  derivatives  of  magnitude 
■~1  meV/kbar,  that  may  be  either  positive  or- negative 
(depending  on  the  site  of  the  impurity  and  the  energy  of 
the  level),  and  are  almost  the  same  .for  all  deep  levels  in 
the  band  gap.  Hence,  to  a  good  approximation,  the  A  y 


t «  • 
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FIG.  4;  Predicted  pressure  derivatives  dE/dP  (in  meV/kbar) 
vs  deep  trap  energy  E  (in  eV)  for  s-  and  p-bonded  substitutional 
point  defects  in  AlAs  with  unia.\ial  stress  along  the  (100]  direc¬ 
tion.  The  upper  panel  is  for  the  /(| -symmetric  (s-like)  states 
and  the  lower  panel  is  for  the  T^-symmeiric  (p-like)  states.  The 
predictions  for  the  cation-site  defects  are  shown  as  dashed  lines, 
the  anion-site  predictions  by  solid  lines.  The  impurities  predict¬ 
ed  to  produce  deep  levels  of  energy  £  are\  denoted  by  circles 
(cation  site)  and  squares  (anion  site),  although  allowance  should 
be  made  for  these  predictions  being  uncertain  by  a  few  tenths  of 
eV.  A  box  is  used  to  denote  several  impurity  levels  lying  close 
in  energy  (impurities  corresponding  to  the  box  are  indicated). 
Deep  levels  associated  with  the  following  impurities  are  predict¬ 
ed  to  lie  in  the  conduction  band  but  within  the  theoretical  un¬ 
certainty  of  the  band  gap:  /(|  cation  site — Ga,  In,  and  TI;  Tj 
cation  site— Pb.  Ga,  In,  and  TI;  /1|  anion  site— C,  Te,  P,  and 
Po;  Tj  anion  site — N  and  Cl.  Similarly,  in  the  valence  band 
near  its  maximum,  one  might  find  the  following;  ,4|  cation- 
site — F  and  vacancy  (Va);  Tj  cation  site — vacancy,  Hg,  K,  Na, 
Cd,  and  Li;  /I,  anion  site— K,  Na,  and  Li;  T;  anion  site — K, 
Na,  Cd,  Li,  Zn,  and  Mg. 


FIG, .5.  Predicted  pressure  derivatives  dE/dP  dn  meV/kbar) 
vs  deep  trap  energy  £  (in  eV)  for  s-  and  p-bondc>1  substitutional 
point  defects  in  AlAs  with  uniaxial  stress  along  the  [110]  direc¬ 
tion.  The  upper  panel  is  for  the  ,4 1 -symmetric  (f-like)  states 
and  the  lower  panel  is  for  the  Tysymmetric  (p-like)  states.  The 
predictions  for  the  cation-site  defects  are  shown  by  dashed  lines, 
the  anion-site  predictions  by  solid  lines.  The  impurities  predict¬ 
ed  to  produce  deep  levels  of  energy  £  are  denoted  by  circles 
(cation  site)  and  squares  (anion  site),  although  allowance  should 
be  made  for  these  predictions  being  uncertain  by  a  few  tenths  of 
eV.  A  box  is  used  to  denote  several  impurity  levels  lying  close 
in  energy  (impurities  corresponding  to  the  box  are  indicated). 


FIG.  6.  Predicted  pressure  derivatives  dE/dP  (in  meVAbar) 
v$  deep  trap  energy  £  (in  eV)  for  s-  and  p-bonded  substitutional 
point  defects  in  AlAs  with  uniaxial  stress  along.the  [111]  direc¬ 
tion.  The  upper  panel  is  for  the  ,4 1 -symmetric  (s-like)  states 
and  the  lower  panel  is  for  the  Tj-symmetric  (p-like)  states.  The 
predictions  for  the  cation-site  defects  are  shown  by  dashed  lines, 
the  anion-site  predictions  by  solid  lines.  The  impurities  predict¬ 
ed  to  produce  deep  levels  of  energy  £  are  denoted  by  circles 
(cation  site)  and  squares  (anion  site),  although  allowance  should 
be  made  for  these  predictions  being  uncertain  by  a  few  tenths  of 
eV.  A  box  is  used  to  denote  several  impurity  levels  lying  close 
in  energy  (impurities  corresponding  to  the  box  are  indicated). 
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FIG.  7.  Predicted  pressure  deriveti'cs  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  AlP  along  the  [100]  direction  as  in 
Fig.  4.  Deep  levels  associated  with  the  following  impurities  are 
predicted  to  lie  in  the  conduction  band,  but  within  the  theoreti* 
cal  uncertainty  of  the  band  gap:  A ,  cation  site— 'Be,  B,  Sn,  Pb, 
Ga,  In,  and  Tl;  cation  site— Si,  Ge,  Sn,  Pb,  Ga,  In,  and  Tl; 

anion  site — I,  At,  C,  Te,  As,  and  Po;  anion  site— F,  O, 
N,  and  Cl.  Similarly,  in  the  valence  band  near  its  maximum, 
one  might  find  the  following:  A  i  cation  site — vacancy,  K,  Na, 
and  Li;  Tj  cation  site— Hg,  K,  Na,  Cd,  and  Li;  anion 
site— K,  Na,  and  Li;  Tj  anior,  site— K,  Na,  Cd,  Li,  Zn,  and 
Mg. 


FIG.  9.  Predicted  pressure  derivatives  V£/dP  vs  energy.  £, 
for  uniaxial  stress  applied  to  AlP  along  the  (1 1 1]  direction  as  in 
Fig.  6. 


sponsible  for  that  level  occupies  a  cation  site  rather  than 
an  anion  site.  Hong  et  cl.'*  have  shown  how  this  behav* 
ior  can  be  understood  for  InSb:  the  pressure  derivatives 
of  deep  levels  in  the  gap  of  InSb,  a  material  similar  to 
AlAs,  result  from  competition  between  the,ponduction> 
band  st.^tes‘ repelling  the  level  downward  in  energy.^.and 
the  valence>band  states  pushing  thejevel  upward  in  ener¬ 
gy.  The  valence  band  is  anionlike  in  character  and  shifts 


deep  levels  in  the  gap  appear  to  be  almost  “attached”  to 
the  average  valence-band  maximum:'*  when  stress  is  ap¬ 
plied,  they  move  in  energy  an  amount  comparable  (to 
within  ±1  meV/kbar)  with  the  shift  of  the  average 
valence-band  maximum. 

In  general,  dE/dP  for  an  A  |  state  of  a  given  deep-level 
energy  E  in  the  gap  is  more  positive  if  the  impurity  re- 
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FIG.  8.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  AlP  along  the  [1 10]  direction  as  in 
Fig.  5. 
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FIG.  10.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  AlSb  along  the  [100]  direction  as  in 
Fig.  4.  Deep  levels  associated  with  the  following  impurities  are 
predicted  to  lie  on  the  condu  ’tion  band,  but  within  the  theoreti¬ 
cal  uncertainty  of  the  band  gap:  Ay  cation  site— Pb,  Ga.  In, 
and  Tl;  Tj  cation  site— Bi,  Be.  B,  Si.  Ge,  Sh.  Pb.  Ga.  In.  and  Tl; 
Ay  anion  site — Po,  Sb,  Ge,  Bi,  Si,  Be,  and  B;  T.  anion  site — F, 
O,  N,  and  Cl.  Similarly,  in  the  valence  band  near  its  maximum, 
one  might  find  the  following:  Ay  cation  site— F,  vacancy.  K, 
Na,  and  Li;  T.  cation  site — Hg,  rC,  Na,  Cd,  and  Li;  Ay  anion 
site — K,  Na,  and  Li;  anion  site — Ga,  In,  and  Tl. 
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FIG.  U.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  unia.tial  stress  applied  to  AlSb  along  the  (1 10]  direction  as  in 
Fig.  5. 


to  lower  encrp'cs  under  hydrostatic  pressure,  while  the 
conduction  band  is  cationlike  in  character  and  shifts  to 
higher  energies.  An  impurity  on  an  anion  site  with  a 
deep  level  in  the  gap  will  therefore  have  an  anionlike 
response  to  pressure:  a  more  negative  pressure  derivative 
than  a  cation>site  defect  with  the  same  deep*level  eiergy. 

C.  T: 'derived  states 

Typically  (but  not  always)  dE/dP  is  several  times 
larger  for  the  states  than  for  the  ^dfderived 

states;  In  general,  the  results  found  for  AlAs  are  similar 
both  to  thos*i  found  previously  for  GaAs  and  GaP  (Ref. 
2)  and  to  those  found  here  for  the  other  semiconductors. 


FIG.  12.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  AlSb  along  the  [1 1 1]  direction  as  in 
Fig.  6. 


FIG.  13.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  GaP  along  the  [100]  direction  as  in 
Fig.  4.  Deep  levels  associated  with  the  following  impurities  are 
predicted  to  lie  in  the  conduction  band,  but  within  the  theoreti¬ 
cal  uncertainty  of  the  band  gap;  A  i  cation  site— Be,  B,  Sn,  Pb, 
Al,  In,  and  Tl;  Tj  cation  site — Pb,  Al,  In,  Tl,  Mg,  and  Zn; 
anion  site— At,  C,  Te,  As,  Po,  Sb,  Ge,  Bi,  and  Si;  Ti  anion 
site— N,  0,  Cl,  and  Br.  Similarly,  in  the  valence  band  near  its 
maximum,  one  might  find  the  following:  A  i  cation  site — 0,  F, 
vacancy;  T;  cation  site— vacancy,  Hg,  K,  Na,  Cd.  and  Li;  A  \ 
anion  site— K,  Na,  and  Li;  Tj  anion  site—  Li,  Zn,  and  Mg. 


/.  [100]  dinction 

The  point-group  symmetry  of  a  substitutional  impurity 
in  a  zinc-blende  semiconductor  is  Tj  for  zero  stress.  For 
uniaxial  stress  applied  in  the  [1(X)]  direction  this  symme¬ 
try  is  reduced  to  The  s-like  A  |  irreducible  repre¬ 

sentation  of  Tj  corresponds  to  an  a,  representation  of 
The  p-like  Ti  representation  reduces  (see  Fig.  1) 


FIG.  14.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  GaP  along  the  [1 10]  direction  as  in 
Fig.  5. 
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FIG.  15.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  app'ied  to  GaP  along  the  [1 1 1]  direction  as  in 
Fig.  6. 
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FIG.  17.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  GaAs  along  the  (1 10]  direction  as 
in  Fig.  5. 


to  a  nondegenerale  62  representation  (a  p-state  polarized 
along  the  [100]  direction)  and  a  doubly  degenerate  e  rep¬ 
resentation  ip  states  polarized  along  the  perpendicular 
directions  to  the  [100]).”  Typically  the  states,  being 
polarized  along  the  stress  axis,  are  more  sensitive  to  the 
uniaxial  stress  than  the  e  states,  and  are  also  typically 
several  tithes  more  sensitive  to  stress  than  the  /I, -derived 
0|  states.  (This  does  not  mean,  however,  that  experi¬ 
ments  finding  one  level  with  a  larger  derivative  dE/dP 
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FIG.  16.  Predicted  pressure  derivatives  dE/dP  vs  energy  £ 
for  uniaxial  stress  applied  to  GaAs  along  the  {100]  direction  as 
in  Fig.  4.  Deep  levels  associated  with  the  following  impurities 
are  predicted  to  lie  in  the  conduction  band,  but  within  the 
theoretical  uncertainty  in  the  band  gap:  Ai  cation  site— Be.  B, 
Sn.  Pb,  Al,  In.  and  Tl;  Tj  cation  sue— S.  C,  I.  Se.  P.  At.  As.  end 
Te;  A ,  anion  site — Cl,  Br,  and  N;  T.  anion  site — F,  0,  and  N. 
Similarly,  in  the  valence  band  near  its  maximum,  one  might  find 
the  following:  /I,  cation  site— N‘,  Br.  Cl.  O.  F;  cation 
site— vacancy  and  Hg;  A,  anion  site— K,  Na.  Li,  Hg,  and  Cd; 
r.  on  site— K,  Na  Cd,  and  Li. 


than  another  can  automatically,  assign  the  level  with  the 
large  derivative  to  72  symmetry,  because  there  are  ener¬ 
gies  for  which  the  A ,  derivative  is  larger;  a  more  careful 
analysis  is  needed.) 

Typically,  but  not  always,  the  c  level  and  the  62  level 
split  from  one  another,  with  one  level  rising  and  one  level 
falling  in  energy.  The  bi  level  typically  has  a  derivative 
larger  in  magnitude  than  the  e  level.  This  behavior  is  a 
consequence  of  the  following  physic.>:  hydrostatic  pres¬ 
sure  physically  is  equivalent  to  stres.ses  applied  simultane¬ 
ously  in  the  {lOOj,  [010],  and  [001]  directions.  Thus  these 
levels  follow  the  simple  sum  rule'* 

•^(62)+2-^(e)  = -^(hydrostatic) .  (7) 

Concentrating  on  the  fact  that  the  uncertainty  in  the 
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FIG.  18.  Predicted  pressure  derivatives  dE/dP  vs  energy  £ 
for  uniaxial  stress  applied  to  GaAs  along  the  [111]  direction  as 
in  Fig.  6. 
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FIG.  19.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  GaSb  along  the  [100]  direction  as 
in  Fig.  4.  Deep  levels  associated  with  the  following  impurities 
are  predicted’ to  'ie  in  the  conduction  band,  but  within  the 
theoretical  uncertainty  of  the  band  gap:  A  i  cation  site— Be,  B, 
Sn,  Pb,  Al,  In,  and  Tl;  Tj  cation  site— S,  C,  I,  Se,  P,  At,  As,  and 
Te;  At  anion  site— C,  Te,  P,  As,  and  Po;  Tj  anion  site— F,  6, 
N,  and  Cl.  Similarly,  in  the  valence  band  nears  its  maximum, 
one  might  find  the  following:  A  |  cation  site— At,  I,  Se,  and  S; 
Tl  cation  site— vacancy,  Hg,  K,  Na,  and  Cd;  A  i  anion  site- 
vacancy,  K,  Na,  Li,  Hg,  and  Cd;  Tj  anion  site— Hg,  K,  Na, 
and  Cd. 

t‘’eory  is  of  order  1  meV/kbar  (see  the  Appendix),  one 
can  see  from  Fig.  4  that  measurements  of  the  magnitude 
dE/dP  for  a  deep  level  helps  determine  both  the  symme¬ 
try  of  the  level  and  the  site  of  the  associated  impurity,  in 
cases  such  that  the  lines  of  Fig.  4  are  separated  by  consid¬ 
erably  more  than  this  uncertainty.  Even  when  the  lines 
nearly  coincide,  for  example,  in  the  case  of  a  level  ~0.3 
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FIG.  20.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  GaSb  along  the  [110]  direction  as 
in  Fig.  5. 


FIG.  21.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  GaSb  along  the  [111]  direction  as 
in  Fig.. 6. 


eV  above  the  valence-band  maximum  in  AlAs,  a  [KX)] 
stress  would  have  the  same  effect  on  the  7’2-derived 
cation-site  and  e  states  as  the  .4 {-derived  cation-site 
a,  state.  Thus,  this  impurity  could  be  assigned  to  the  cat¬ 
ion  site;  however,  since  Tj  levels  may  not  split  very  much 
for  this  impurity  (see  Fig.  4),  the  symmetry  of  the  state 
could  not  be  determined  by  application  of  (KX)]  stress. 


FIG.  22.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  InP  along  the  [100]  direction  as  in 
Fig.  4.  Deep  levels  associated  with  the  following  impurities  are 
predicted  to  lie  in  the  conduction  band,  but  within  the  theoreti¬ 
cal  uncertainty  of  the  band  gap:  A  y  cation  site — Be,  B,  Sn,  and 
Pb;  Tl  cation  site-Br,  S,  C,  and  I;  A  |  anion  site— vacancy  and 
F;  Tl  anion  site— vacancy  and  F.  Similarly,  in  the  valence 
band  near  its  maximum,  one  might  find  the  following:  A  i  cat¬ 
ion  site — 0,  Cl,  Br,  and  N;  T,  cation  site— vacancy  and  Hg; 
,4 1  anion  site — Zn.  Cd,  Hg,  Li,  and  Na;  Ti  anion  site — Pb,  Sn, 
Ge,  and  Si. 
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FIG.  23.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  InP  along  the  [1 10]  direction  as  in 
Fig.  5. 


2.  [110]  direction 

For  stress  applied  in  the  [1 10}  direction,  the  orbital  de¬ 
generacy  of  the  Tj  levels  is  completely  removed  (in  con¬ 
trast  to  the  cases  of  stress  in  the  [100]  and  [111]  direc¬ 
tions,  which  leave  one  level  doubly  degenerate).  The 
point  group  of  a  [1 10]  stressed  zinc-blende  semiconductor 
is  and  the  p-like  Tj  levels  split  (.see  Fig.  2)  into  lev¬ 
els  of  symmetry  fl|  (a  p  state  polarized  perpendicular  to 
the  [110]  axis  and  parallel  to  the  [001]  axis),  6|  (a  p  state 
polarized  along  the  [iTO]  direction),  and  (a  p  state  po¬ 
larized  along  the  [110]-stress  direction).  The  curves 
dE/dP  versus  £  for  [110]  uniaxial  stress  are  similar  to 
those  for  [100]  stress,  with  one  important  exception:  the 
[110]  stress  completely  splits  the  levels  and  removes 


Energy  CeV) 

FIG.  24.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stre.ss  applied  to  InP  along  the  (1 1 1]  direction  as  in 
Fig.  6. 
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FIG.  2S.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  InAs  along  the  [100]  direction  as  in 
Fig.  4.  Deep  levels  associated  with  the  following  impurities  are 
predicted  to  lie  in  the  conduction  band,  but  within  the  theoreti¬ 
cal  uncertainty  of  the  band  gap:  A  t  cation  site — C,  Te,  P,  and 
Sb;  Ti  cation  site—F,  O,  and  N;  At  anion  site — F,  0,  and  N; 
Tj  anion  site — vacancy  and  F.  Similarly,  in  the  valence  band 
near  its  maximum,  one  might  find  the  following:  At  cation 
site-Br,  Cl,  O  and  F;  Tj  cation  site— vacancy  and  Hg;  Ax 
anion  site— vacancy  and  K;  Ti  anion  site— v',..,  J,  In,  and  TI. 


their  degeneracies.  This  splitting  can  be  used  as  a  signa¬ 
ture  of  a  Ti  level;  thus  [110]-uniaxial-stress  measure¬ 
ments  are  likely  to  provide  the  most  information  about 
the  symmetry  of  a  deep  level.” 

The  similarity  between  the  [1 10]-stres$  derivatives  and 
the  [100]-stress  derivatives  is  due  to  the  similarity  of  the 
strains' caused  by  the  two  types  of  stress.  Applied  stress 
along  either  direction  causes  two  neighbors  of  the  impuri¬ 
ty  to  shift  closer  to  each  other  with  angular  distortions 
and  some  compression  of  the  bonds  (see  Figs.  1  and  2). 
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FIG.  26.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied*  to  InAs  along  the  [110]  direction  as  in 
Fig.  5. 
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FIG.  27.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  In  As  along  the  [11 IJ  direction  as  in 
Fig.  6. 

The  states  directed  along  the  stress,  the  state  in  the 
case  of  [1 10]  applied  stress  and  the  state  in  the  case 
[100]  applied  stress,  have  quite  similar  stress  derivatives, 
as  do  the  states  directed  perpendicular  to  the  applied 
stress. 

3.  [Ill]  direction 

For  stress  along  the  [111]  direction,  a  level  splits 
into,  a  doubly  degenerate  e  state  ip  states  polarized  per* 


Energy  CeV) 


FIG.  28.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  InSb  along  the  [100]  direction  as  in 
Fig.  4.  Deep  levels  associated  with  the  following  impurities  are 
predicted  to  lie  in  the  conduction  band,  but  within  the  theoreti* 
cal  uncertainty  of  the  band  gap;  A  \  cation  site— Po,  Sb,  Ge,  Bi, 
and  Si;  Ti  cation  site— vacancy  and  F;  At  anion  site— vacancy 
and  F;  Ti  anion  site— vacancy  and  F.  Similarly,  in  the  valence 
band  near  its  maximum,  one  might  find  the  following:  A  |  cat* 
ion  site — N,  S,  Se,  and  I;  Ti  cation  site — Hg,  K,  Na,  and  Cd; 
Ax  anion  site— Li,  Na,  and  K;  Tj  anion  site— Zn,  Li,  Cd,  and 
Na. 
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FIG.  29.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  unia.xial  stress  applied  to  InSb  alorg  the  [1 10]  direction  as  in 
Fig.  5. 


pendicular  to  the  [111]  direction)  and  an  state  (a  p 
state  oriented  along  the  direction  of  the  applied  stress). 
The  point  group  is  The  situation  for  the  pressure 
derivatives  when  the  uniaxial  stress  is  applied  along  the 
[111]  direction  is  different  from  that  of  the  [100]  or  (110) 
directions.  Within  the  uncertainty  of  the  theory,  the 
curves  of  Fig.  6  never  intersect  one  another  (for  impuri* 
ties  on  the  same  site)  and  so  all  Tj  levels  in  the  gap  are 
predicted  to  split  under  [111]  stress— for  either  the 
cation*  or  anion*site  impurities.  Stress  applied  in  the 
[111]  direction  can  always  distinguish  between  an  s*like 
Ai  impurity  state  and  a  />*like  impurity  state,”  be* 
cause  the  Ti  states  have  sizable  splittings.  However, 
such  a  stress  can  almost  never  give  the  site  of  the  associ* 
ated  impurity,  because  the  states  of  the  same  symmetry 
but  associated  with  different  sites  have  similar  values  of 


FIG.  30.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  InSb  along  the  [1 1 1]  direction  as  in 
Fig.  6. 
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FIG.  31.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  Si  along  the  [100]  direction  as  in 
Fig.  4.  Deep  levels  associated  with  the  following  impurities  are 
predicted  to  lie  in  the  conduction  band,  but  within  the  theoreti' 
cal  uncertainty  of  the  band  gap:  A, — Po,  Sb,  Ge,  and  Bi; 
Ti — 0,  N,  and  Cl.  Similarly  in  the/valence  band  near  its  max¬ 
imum,  one  might  find  the  following;  At — FandO;  Tj — Kand 
Hg. 
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FIG.  33.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  Si  along  the  [111]  direction  as  in 
Fig.  6. 


directed  along  the  stress  and  the  e  states  perpendicular  to 
the  stress. 
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dE/dP  to  within  1  meV/kbar,  the  uncertainty  of  the 
theory. 

The  [111]  stress  derivatives  dE/dP  are  quite  different 
from  the  derivatives  for  stress  applied  in  the  [100]  or 
[110]  directions.  The  strains  between  nearest  neighbors 
are  different  under  [111]  applied  stress;  the  stress  directly 
compresses  one  of  the  nearest-neighbor  bonds  and  the 
three  remaining  bonds  have  angular  distortions  and  ex¬ 
pand  slightly  (see  Fig.  3).  Because,  to  a  good  approxima¬ 
tion,  one  bond  is  compressed  while  the  other  three  are 
only  bent,  a  large  splitting  results  between  the  a  |  states 
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FIG.  32.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  Si  along  the  [110]  direction  as,  in 
Fig.  5. 


IV.  OTHER  MATERIALS 

The  predicted  [1(X)]-,  [MO]-,  and  [lll]-stress  depen¬ 
dences  of  deep  substitutional  impurity  levels  in  the  semi¬ 
conductors  AlP,  AlSb,  CaP,  GaAs,  GaSb,  InjP,  InAs, 
InSb,  Si,  and  Ce  are  displayed  in  Figs.  7-36.^’  In  gen¬ 
eral,  the  trends  found  for  AlAs  are  also  found  in  the  de¬ 
fect  levels  for  the  remaining  zinc-blende  III-V  compound 
semiconductors. 
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FIG.  34.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  Gc  alo  '.^  the  [100]  direction  as  in 
Fig.  4.  Deep  levels  associated  with  the  following  impurities  are 
predicted  to  lie  in  the  conduction  band,  but  within  the  theoreti¬ 
cal  unceritonty  of  the  band  gap:  At — Sb,  Bi,  and  Si;  Ti — Cl, 
Br,  S,  C,  and  I.  Similarly,  in  the  valence  band  near  its  max¬ 
imum,  one  might  find  the  following:  A|  -  O,  Ci.  Br;  Tj — K 
and  Hg. 
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FIG.  35.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
Tor  uniaxial  stress  applied  to  Ge  along  the;(l  10]  direction  as  in 
Fig.  5. 


V.  CONCLUSION 

We  have  examined  the  uniaxiaNstress  dependences  of 
deep  substitutional  impurity  levels  in  the  semiconductors 
AlP,  AlAs,  AlSb,  GaP,  GaAs,  GaSb,  InP,  InAs,  InSb,  Si, 
and  Ge,  for  stress  applied  in  the  [100],  [110],  and  [111] 
directions.  Experiments  involving  stress  in  the  [110] 
direction  should  be  superior  for  determining  the  symme¬ 
try  of  a  deep  level  and  the  site  of  its  parent  defect:  under 
[110]  stress  the  p-like  Tj  levels  should  always  exhibit 
significant  splitting,  with  two  sublevels  most  often  mov¬ 
ing  to  higher  energy  if  the  defect  occupies  the  cation  site 
or  with  two  levels  normally  falling  to  lower  energy  if  the 
defect  occupies  the  anion  site. 
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FIG.  36.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  Ge  along  the  [1 1 1]  direction  as  in 
Fig.  6. 


APPENDIX:  THEORETICAL  UNCERTAINTY 

We  estimate  the  uncertainty  in  the  theory  for  dE  /dP 
to  be  —  1  meV/kbar.  The  primary  source  of  uncertainty 
can  be  traced  to  the  Green's  function,  and  hence  to  the 
Hamiltonian  matrix  and  its  dependences  on  bond  lengths 
and  angles.  The  contribution  by  the  bond-length  depen¬ 
dence  to  the  uncertainty  has  been  thoroughly  studied  by 
Ren  et  al}  and  Hong  et  a/.,’  who  varied  the  Hamiltoni¬ 
an  matrix  elements  over  the  entire  range  of  rea.sonable 
values  and  computed  dE/dp  for  hydrostatic  pressure  p. 
They  deduced  an  uncertainty  of  0.5  meV/kbar,  an  esti¬ 
mate  that  has  proven  to  be  rather  conservative  in  analy¬ 
ses  of  data.  The  angular  dependences  of  the  matrix  ele¬ 
ments  are  fixed  by  symmetry,  and  so  their  contributions 
to  the  uncertainty  come  exclusively  from  the  fact  that  the 
physics  of  a  particular  nearest-neighbor  matrix  element, 
for  example,  inadvertently  contains  some  second- 
neighbor  physics.  Such  contributions  also  occur  with  the 
hydrostatic  pressure  dependences,  and  so  should  be  con¬ 
siderably  smaller  than  O.S  meV/kbar.  An  upper  bound 
on  the  combined  uncertainty  is  thus  ~  1  meV/kbar. 
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Special  k  points  for  performing  integrals  over  the  Brillouin  zone  of  [001]  and  [111]  superlattices 
are  obtained  and  discussed.  If  the  superlattice  period  is  taken  properly,  the  number  of  special 
points  required  in  order  to  reach  suitable  convergence  can  be  greatly  reduced.  Twelve  and  ten  spe* 
cial  points  will  give  the  same  accuracy  for  Ny.SI  [001]  and  [Ill]  superlattices,  respectively,  ns 
Chadi’s  and  Cohen’s  ten  special  points  for  bulk  semiconductors,  provided  we  have  .V  -r,l/=4n,  with 
n  an  integer.  These  special  points  can  also  be  used  to  calculate  the  corresponding\integrals  for 
strained  bulk  semiconductors. 


I.  INTRODUCTION 

In  many  theoretical  investigations  involving  the  elec¬ 
tronic  structures  of  solids,  one  often  needs  to  calculate  in¬ 
tegrals  over  the  hrst  Brillouin  zone.  Baldereschi'  and 
Chadi  and  Cohen*  suggested  that  such  integrations  can 
be  accurately  appro, ximated  by  summing  over  a  rather 
small  number  of  special  k  points  in  the  Brillouin  zone, 
with  different  weights  for  each  point.  (Elaborations  of 
the  special  point  method  have  been  given  by  Monkhorst, 
Pack,  Chadi,  and  Cunningham.^"'*)  For  example,  ten  spe¬ 
cial  points  give  very  satisfactory  results  for  the  Green’s 
functions  of  bulk  cubic  semiconductors.^ 

In  this  paper  we  extend  the  special  points  method  to 
((X)l]  and  [111]  lattice-matched  NxM  superlaitice  such 
as  (GaAs).v(AlAs).»p  determining  the  special  points  for 
cases  such  that  N  -f  A/  =4«,  where  N  and  M  are  the  num¬ 
bers  of  two-atom-thick  layers  cf  each  slab  of  a  superlat¬ 
tice  (e.g.,  Nai/2  and  Moi/l  are  the  thicknesses  of  the 
GaAs  and  AlAs  slabs  in  a  [(Wlj  GaAs-AlAs  superlattice 
period,  where  i>  the  lattice  constant  of  either  hulk  ma¬ 
terial),  and  n  is  an  integer.  The  number  of  special  points 
needed  to  obtain  reasonable  accuracy  of  such  integrals 
can  be  greatly  reduced  if  such  a  requirement  is  satisfied. 
In  this  paper  we  assume  that  the  two  components/of  the 
superlattice  are  perfectly  lattice  matched.  For  [001] 
super-  lattices  the  three-dimensional  lattice  translation 
vectors  can  be  taken  to  be  the  following:  (fl^/2)(UI,0), 
(ai./2)(  1.  - 1,0),  and  (ai./:)(0,0,iV  -i-A/)  for  N  -rM  even, 
or  (aj./2)(  1,1,0),  (at/2)(l.-l,0),  and  (ai,/21(0,l,iV 
-f  A/)  for  N  +Af  odd.  For  [1 1 1]  superlattices  the  corre¬ 
sponding  translation  vectors  are  taken  to  be 
(at/2)(l,-1.0).  (at/2)(0,l,-l).  and  (ai,/2)(N +M, 
N  -hA/,0).  We  choose  the  unit  of  wave  vector  k  and  the 
reciprocal  lattice  vectors  G  as  2n-/a, ,  and  A:,,  A'j,  and 
are  the  three  components  of  the  reduced  wave  vector  k  in 
the  X,  y,  and  z  di.'ections 

k  =  ( A I ,  A",,  A's  )(27r/i7/_ ) . 
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Since  the  theoretical  for;nalism  is  the  same  for  any  super¬ 
lattice  consisting  of  cubic  semiconductors,  for  simplicity 
of  presentation,  we  discuss  only  zinc-blende  GaAs/AlAs 
superlattices. 


II.  GENERAL  APPROACH 

We  follow  the  general  approach  of  Chad:  and  Cohen 
for  generating  special  points.  They  begin  with  one  or 
more  wave  vectors  and,  by  subjecting  these  wave  vectors 
to  symmetry  operations,  generate  the  special  poi..'.s.  For 
zinc-blende  crystals  with  a  face-centered-cubic  Bravais 
lattice,  they  generated  ten  special  points  k.  based  on  the 
starting  points  (y.j.T),  the 

equivalent  special  points  for  superlattices  composed  of 
zinc-blende  layers. 

In  generating  the  special  points  for  zinc-blende  materi¬ 
als,  Chadi  and  Cohen  actually  used  three  types  of  symme¬ 
try:  (i)  time-reversal  invariance  (k  and  -k  are 
equivalent);  (ii)  point-group  symmetry  (k  and  Tk  are 
equivalent,  where  T  is  an  element  of  the  point  group, 
for  zinc-blende  structures**);  and  (iii)  translational  symme¬ 
try  (k  and  k+G  are  equivalent,  where  G  is  a  reciprocal- 
lattice  vector). 

For  a  superlattice,  time-reversal  invariance  still  ap¬ 
plies,  but  the  point-group  symmetry  is  lower  (Ci„  for  a 
[001]  superlattice  and  Cj,,  for  a  [1 1 1]  superlaitice,  ins’.ead 
of  Trf  for  ilic  bulk),  and  the  iranslational  symmetry  is 
different:  Certainly  the  reciprocal-lattice  vectors  i:i  the 
direction  of  growth  are  different  and  some  reciprocal- 
lattice  vectors  in  perpendicuhir  clirvclions  might  be 
changed  also  for  some  superlattices. 

At  first  glance,  the  reduced  symmetry  appears  to  great¬ 
ly  increase  the  number  of  special  poim.s  needed  to  obtain 
the  same  accuracy  as  obtained  by  the  ten  special  points  of 
Chadi  and  Cohen.  For  example,  because  of  the  lower 
symmetry  of  a  [001]  superlattice,  its  starling  points  corre¬ 
sponding  to  the  three  bulk  generators  (7.7.7). 
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and  (±|,±|,±j),  (±i,±l,±i),  and 

(±|,±j,+j),  and  produce,  in  principle,  8^=512  special 
points  instead  of  the  ten  points  of  Chadi  and  Cohen. 
Here  we  show  how  the  number  of  special  points  can  be 
reduced  from  512  to  12  for  the  [001]  superlattice  and  to 
10  for  the  [111]  superlattice — provided  one  restricts 
one’s  attention  to  superlattices  of  special  periods,  namely 
NxM  superlattices,  such  that  N  +M  =4«,  with  n  an  in¬ 
teger. 

III.  [001]  SUPERLATTICES  AND  STRAINS 
A.  Superlattices 

For  [001]  superlattices,  the  Ci^.  symmetry  dictates  that 
the  starting  points  corresponding  to  the  bulk  (4,7,7)  gen¬ 
erator  be  (j,  7>  7 ),  (7.  -  7. 7 ).  and  (7, 7,-7 ),  with  weights 
7,  7,  and  7,  respectively.  Combining  either  (7,7,7),  or 
(7.7,  — 7)  with  (±7,  ±7,  ±7)  for  an  arbitrary  [001]  super- 
lattice,  using  the  method  of  Chadi  and  Cohen,  we  And  six 
special  po'nts:  Two  have  weights  of  ^  and  four  have 
weights  of  Recombining  these  sit;  points  with 
(±7,  ±7, ±7)  will  give  40<points:  24  with  weight  and 
16  with  weight  Repeating  this  procedure,  but  start¬ 
ing  with  (7, —7,7),  yields  64  points,  each  with  weight  -Jj. 
This  gives  a  total  of  40  4-  64  -f  40=  144  superlattice  spe¬ 
cial  points  corresponding  to  the  . 10  special }.  >inis  of  bulk 
zinc  blende.  It  is  often  impractical  to  use  so  many  special 
points. 

For  [001]  superlattices  with  special  periods,  the  144 
special  points  can  be  reduced  considerably  by  invoking 
translational  symmetry.  For  example,  consider  a  GaAs- 
AlAs  A^g»a$X^aiai  [OOU  superlattice  such  that. 
^o»Ai+^AiA»='^"*  where  n  is  an  integer.  (Here,  for  ex¬ 
ample,  iVo^,  denotes  the  number  of  GaAs  molecular  lay¬ 
ers  per  slab  of  GaAs.  Hence  a  1 X I  superlattice  consists 
of  alternating  layers  of  GaAs  and  AlAs,  and  a  2x3  su¬ 
perlattice  alternates  two  GaAs  layers  and  three  AlAs  lay¬ 
ers.)  In  this  case,  the  reciprocal-lattice  vectors  of  the  su¬ 
perlattice  are  G)=(i;i,0).  G2=(l,-1,0),  and 

G3=(0',0,  1  /2rt).  Because  of  the  symmetry  of  this  special 
period,  any  two  of  the  144  special  points  (A',,  A2,  Aj) 
that  have  the  same  values  of  A,  and  Aj  coalesce  into  a 
single  special  point— reducing  the  number  of  distinct 
points  to  20.  Examination  of  the  remaining  symmetries 
reduces  this  set  to  12  special  points  k,  each  with  weight 
a,  denoted  by  (k,a); 

( 2  ^  t  M  I .  I  \  /  7  I  I .  I  \ 

'T'T'T'16'*  'T'T’T'TC' > 

0  11.1)  /  j  J  1 .  1  )  / 1  1  1 .  1  ) 

V,,,,,,,/,  '7,|,|fi;/,  yjtTiTf'ii' < 

V  t, ,,  \  ,, ,,  s,  |>  1  , 

(— (_li_l"il 

'  «'»•  »'»'> 

'  I'K*  »'7S'>  '  T>7' 

These  special  points  have  been  used  to  compute  the 
Green’s  functions  of  superlattices,  for  energies  in  the  fun¬ 
damental  band  gaps.^ 


B.  Strained  bulk  zinc  blende 

One  can  consider  bulk  GaAs  to  be  a  degenerate  form 
of  a  GaAs-GaAs  [001]  superlattice.  In  this  case,  the  su¬ 
perlattice  has  D2J  symmetry  rather  than  C,,.  symmetry 
(because  the  former  AlAs  of  the  GaAs-AlAs  superlattice 
is  now  GaAs).  Either  the  first  six  or  the  last  six  of  the 
special  points  above  (with  their  weights  doubled)  could  be 
used  for  the  symmetry,  leading  to  results  with  the 
same  accuracy  as  the  ten  special  points  of  Chadi  and 
Cohen.  Of  course,  by  viewing  bulk  GaAs  a  2X2 
GaAs-GaAs  superlattice,  the  Hamiltonian  matrix  is  four 
times  as  large  as  for  bulk  GaAs,  and  so  evaluating  six 
special  points  for  sums  involving  functions  of  the  larger 
Hamiltonian  will  be  more  laborious  than  evaluating  ten 
for  bulk  GaAs.  Therefore  it  does  not  make  sense  to  treat 
bulk  GaAs  as  a  GaAs-GaAs  superlattice,  but  bulk  GaAs 
strained  along  the  [001]  direction  has  symmetry,  and 
so  either  the  first  six  or  the  last  six  of  the  above  12  special 
points  (with  their  weights  doubled)  can  be  used  to  evalu¬ 
ate  integrals  over  the  Brillouin  zone  for  [(X}l]-strained 
bulk  GaAs. 

IV.  [Ill]  SUPERLATTICES  AND  STRAINS 
A.  Superlattices 

For  [111]  superlattices,  the  point  group  is  C3,.,  and  the 
generators  of  special  points  are  (|,4,7)-and  (-7,7,7), 
with  weights  of  7  and  7,  respectively.  Combining  (7,7,7) 
with  (±^,±2,  ±2)  and  then  (±2, ±2, ±2),  we  obtain  ten 
distinct  special  points,  with  weights  of  or  j];. 

Starting  with  (^-7,7,7),  we  obtain  40  special  points  with' 
weights  of  -jt;  or  3^,  bringing  the  total  number  of  special 
points  to  SO.  This  set  can  be  reduced  by  considering 
^GaAs +^AiAs which  case  ■  ’.  /4/1 , 1  /4»i ,  1  /4/i)  is  a 
reciprocal-lattice  vector.  By  adding  this  reciprocal- 
lattice  vector,  or  its  negative,  to  each  of  the  50  general 
special  points,  we  reduce  the  number  of  distinct  points  to 
20:  eight  lie  in  a  plane  on  the  superlattice  Briliouin-zone 
boundary  which  is  perpendicular  to  the  [111]  direction 
and  passing  through  the  point  (7,7,7),  and  12  lie  on  a 
parallel  plane  within  the  Brillouin  zone.  Using  transla¬ 
tional  symmetry  with  reciprocal-lattice  vectors  ti,-l,0), 
(0,1,- 1),  and  (  — l,0,l>  together  with  C,,.  point-group 
symmetry,  these  20  points  reduce  to  the  following  ten  dis¬ 
tinct  special  points  k  with  weights  a,  (k;a): 

(1  i  (1  _1  —i-i.) 

'  I  •  I  ’  )2  '*  '  » ’  » ’  »  ’  J2  '•  '  S  >  « >  S  •  M  '  ’ 

/  7  _  J  >  •  '  )  <  ’  >  J .  J  ) 

'7‘  K'  «>  i»'>  '7»  7*  7*31'  ’ 

'7»'  «»  «» 16'*  '7*  7*  »•  22 '  • 

—2  '•2.5  (2  '  nnft  (_*  2  ’*±1 

'«*  «'»')2''  '*•«>  «>32'’  '  7'»*7'64'‘ 

B.  Strain 

The  GaAs-GaAs  [111]  superlattice  has  C3j,  symmetry, 
and  so  the  above  ten  special  points  can  be  used  for  treat¬ 
ing  Brillouin-zone  sums  for  [1 1  l]-strained  bulk  GaAs. 
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V.  CONCLUSION 

Special  points  for  superlattices  can  be  computed  using 
the  method  of  Chadi  and  Cohen.  By  limiting  oneself  to 
-ecial-prriod  superlattices,  such  as  those  for  which 
+  o*'*  finds  relatively  few  special 

points  will  provide  a.curate  integrals  ovei  the  superlat¬ 
tice  Brillouin  zone.  We  have  presented  12  special  points 
for  iVx<V/  [001]  superlattices  and  ten  for  A'  kM  (11 1]  .su¬ 
perlattices,  valid  for  N  =4n,  where  n  is  an  integer. 
However,  our  general  approach  can  be  used  for  generat¬ 


ing  special  points  that  will  produce  more  accuracy  or  for 
superlattices  that  do  not  satisfy  the  condition 
iV  +.\t  =4n.  These  same  special  points  obtained  for 
/V  f  A/  =4«  may  be  used  for  Brillouin-zone  sums  for 
strained  bulk  zinc-blende  material. 
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ABSTRACT 

A  formalism  is  developed  for  computing  charge-state  splittings  of  deep  levels 
associated  with  paired  defects  in  semiconductors  and  is  applied  to  nearest-neighbor 
substitutional  sulfur  pairs  in  silicon.  Self-consistent  calculations  predict  a  0.19eV 
splitting  between  the  deep  levels  of  nearest-neighbor  (S.Sr  and  (S.S)"  in  Si,  in 
good  agreement  with  the  experimental  value  of  O.lScV.  Computed  ratios  of 
hyperfine  tensor  components  also  agree  with  available  data.  Our  results  lend 
support  to  the  meso-bonding  theory  of  paired-chalcogen  deep  levels. 
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SULFUR  NEAREST-NEIGHBOR  DEFECT  PAIRS  IN  Si 


1.  INTRODUCTION 

Sulfur  and  other  chalcogen  impurities  in  Si  are 
known  to  occupy  substitutional  sites  and,  when 
present  in  abundance,  form  nearest-neighbor  pairs 
with  deep  levels  in  the  fundamental  band  gap  whose 
characters  are  currently  controversial  (1-4].  The 
deep  level  in  the  fundamental  band  gap  for  an  iso- 
lated-S  impurity  in  Si  is  known  to  have  A,  or  s-Iike 
character  [5],  and  is  pulled  down  from  the  conduc¬ 
tion  band  by  the  strong  (~7  eV)  electron-attractive 
djfect  potential  of  a  S  atom  (relative  to  the  Si  atom 
it  replaces).  It  is  somewhat  surprising,  then,  to 
realize  that  a  pair  of  S  atoms,  (S,S)  produces  a  deep 
level  at  higher  energy  than  an  isolated-S  atom, 
because  the  additional  S  defect  potential  should  pull 
levels  down  in  energy.  Sankey  etal  [2]  explained 
thi.«  fact  by  showing  that  the  At  deep  level  of  iso- 
lated-S  is  pulled  down  in  energy  so  much  that  it  lies 
resonant  with  the  valence  band.*  The  (S,S)  deep  level 
in  the  gap  is  derived  not  from  the  s-like  At  level  but 
from  the  p-like  level  of  the  isolated  S  defect, 
which  for  isoiated-S  lies  in  the  conduction  ba..d,  and 
is  pulled  down  into  the  gap  by  the  defect  potential  of 
the  second  S  atom. 

In  explaining  this  fact,  Sankey  etal,  made  an  as¬ 
sertion  concerning  the  character  of  the  “molecular” 
wavefunction  for  the  (S,S)  deep  level  in  the  gap:  it  is 
meso-bonding,  namely  an  Ut-symmetric  bonding 
linear  combination  of  the  antibonding  Tj-symmetric 
wavefunctions  of  the  two  isoiated-S  defects.  (The 
7-  state  is  resonant  with  the  conduction  band  for 
isolated-S,  not  in  the  fundamental  band  gap.)  This 
implies  that  the  a, -symmetric  (totally)  antibonding 
linear  combination  of  the  isoiated-S  .4i-symmetric 
antibonding  deep  level  wavefunctions  lies  at  lower- 
energy.  Further  evidence  supporting  the  Sankey 
viewpoint  has  been  presented  by  Hu  etal  (4]  who 
also  concluded  that  (S,S)  is  meso-bonding. 

However,  Worner  etal.  [3]  have  interpreted  data 
for  the  nearest-neighbor  (Se,Se)*  deep  level  in  the 
gap  as  evidence  for  a  totally  antibonding  state:  an 
antibonding  linear  combination  of  antibonding 
isolated-Se  A, -symmetric  deep  level  wavefunctions. 
(Of  course,  the  characters  of  the  (S,S)  and  the 
(Se.Se)  deep  levels  should  be  similar,  according  to 
all  of  the  theories.)  Thus  there  is  a  clear  disagree¬ 
ment  concerning  the  character  of  the  main  chalcogen- 
pair  deep  level  in  the  gap,  between,  on  the  .me  hand, 
Sankey  et  al.  (2]  and  Hu  et  al.  [4]  who  favor  meso- 


bonding,  and,  on  the  other,  Worner  etal.  [3]  who 
propose  a  totally  antibonding  state. 

In  this  paper  we  present  calculations  of  the  charge- 
state  splittings  of  deep  levels  in  the  gap  of  Si  associ¬ 
ated  with  chalcogen  nearest-neighbor  substitutional 
defects.  Our  goal  is  to  determine  if  those  splittings 
can  be  understood  by  using  a  theory  in  which  the 
deep  levels  are  meso-bonding  in  character — and  we 
find  that  they  can.  Thus  our  results  lend  more  sup¬ 
port  to  the  viewpoint  of  Sankey  etal. 

2.  CHARGE-STATE  SPLITTINGS 

The  charge-state  splitting  of  a  deep  level  is  a  many- 
body  effect  which  is  zero  in  ordinaiy*  one-electron 
theories.  It  is  the  difference  A£  between  the  ioniza¬ 
tion  energies  E  of  the  neutral  and  charged  defects 
(S,Sy  and  (S,S)". 

To  understand  the  origin  of  charge-state  split¬ 
tings,  first  consider  the  charge-state  splitting  of 
atomic  He.  Neutral  He  has  two  Is  electrons  in  neariy- 
hydrogenic  orbitals  described  by  effective  charges 
2,(f»  27/16*  1.7  [6].  But  He*  has  one  Is  electron 
in  an  orbital  with  an  effective  charge  of  2.  The  differ¬ 
ence  in  ionization  energies  of  a  Is  electron  in  He  and 
He"  is  (assuming  Koopmans’  theorem  [7,8])  ap¬ 
proximately  the  Is  orbital  energy.  Thus,  for  atomic 
He  and  for  most  atoms,  the  charge-state  splittings 
A£  are  of  order  20  eV  and  are  Coulomb  energies: 

A£~20eV~<e-/r).  (1) 

where  (e’/r)  denotes  an  appropriate  Coulomb 
integral  [6],  and  is  of  order  e’/r,y,  where  r,,  is  the 
average  distance  between,  for  example,  the  two  Is 
electrons  in  He. 

For  deep  levels  in  the  fundamental  band  gap  of  a 
semiconductor  that  are  associated  with  substitutional 
point-defects  such  as  S  in  Si,  the  charge-stale  splitting 
is  also  a  Coulomb  integral  of  the  approximate  order 
of  magnitude 

A£'-r/er„~0.3eV.  (2) 

This  is  about  two-orders  of  magnitude  smaller  than 
in  atoms  because;  (/)  the  dielectric  constant  e  is  of 
order  12  in  typical  semiconductors  (versus  unity  for 
atoms):  and  («)  the  average  distance  r„.  is  C(>nsid- 
erablv  larger  (a  lattice  constant  rather  than  a  Bohr 
radius)  due  to  the  antibonding  character  of  the  deep 
level  wavefunctions  [9].  In  He  the  Coulomb  forces 
cause  the  two  Is  e’ectrons  to  circumnavigate  the 
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atom  180®  out  of  phase  (classically),  and  so  their 
average  separation  is  of  the  order  of  the  Bohr  radius. 
But  the  wavefunction  of  the  S  deep  level  in  Si  is  now 
known  to  be  antibonding  in  character  [4,5.9-13], 
and  so  is  not  peaked  on  the  S  atom  but  rather  on 
adjacent  Si  atoms.  Hence  r„  is  the  average  separa* 
tion  of  electrons  on  different  Si  atoms  neighboring 
the  S  defect— of  order  a  lattice  constant,  almost  an 
order  of  magnitude  larger  than  a  Bohr  radius. 

The  charge-state  splitting  of  a  meso-bonding  (S,S) 
deep  level  in  Si  should  be  somewhat  smaller  than  for 
isolated-S,  both  because  the  average  anter-electron 
distance  r„  isslarger  for  the  “molecular"  defectxthan 
for  the  “atomiV”  defect  and  because  the  “molecular" 
deep  level  has  wavefunctions  that  are  or  p-like  in 
character,  with  even  less  amplitude  in  the  S  cells 
than  the  Ai  or  s-like  states  of  the  isolated-S  deep 
level.  Thus,  if  the  meso-bonding  character  of  nearest- 
neighbor  paijed-chalcogen  deep  levels  in  Si  is  correct, 
the  theory  should  be  able  to  correctly>determine  the 
magnitude  of  the  charge-state  splitting. 

3.  MODEL 

To  evaluate  the  charge-state  splitting  of  a  chalcogen 
pair  in  Si,  we  employ  the  Hjalmarson  etal.  theory  of 
deep  impurity  levels  [14]  in  combination  with  the 
Haldane-Anderson  scheme  for  introducing  Coulomb 
effects  [15, 16|.  This  approach  has  been  used  suc¬ 
cessfully  by  Sankey  era/.  [10]  to  discuss  deep  levels 
caused  by  interstitiai  impurities  in  Si,  by  Vogl  and 
Baranowski  [17]  to  treat  deep  levels  of  transition- 
metal  impurities  in  semiconductors,  and  by  Lee  etal. 
[9]  to  determine  charge-state  splittings  of  deep  levels 
associated  with  substitutional  point  defects  in  semi¬ 
conductors.  We  first  repeat  the  theory  of  Lee  el  ai, 
which  is  a  self-consistent  tight-binding  model  of  deep 
levels,  and  verify  the  physics  of  the  model  for  iso¬ 
lated  impurities  (while  rectifying  some  numerical 
errors  [18]),  and  then  extend  the  theory  to  paired 
defects. 

4.  THEORY 

4.1.  Gencrul 

The  Hamiltonian  //o  of  the  perfect  Si  crystal  is  taken 
to  be  the  one-electron  tight-binding  Hamiltonian 
of  Vogl  etal.  [19].  E.xpressed  in  terms  of  the  tight- 
binding  basis  states  ]/.  b,  k)  obtained  from  the  local¬ 
ized  orbitals  ]/,/>,  S>  centered  on  the  b-th  site  in  the 
unit  cell  at  S: 


|/.  b. k)  =  V-'  - Ss exp(/k-S+/k-v,)  |/, b, S) ,  (3) 

the  Hamiltonian  in  k-space  is: 

//o(k)=  S,J/,  6,  k>  £(/,/!)</,  6,  k| 

+  2,-,[|i,a,k)  T{ia,fc)  (/,c,k|  +  h.c.]  .(4) 

Here  h.c.  means  Hermitian  conjugate,  /  and  j  run 
over  the  basis  orbitals,  s.  p,,  p,.,  p.,  and  s*.  and  b  labels 
one  of  the  two  sites  in  the  unit  ceil  of  Si  (we  shall 
refer  to  the  sites  as  anion  (=a)  and  cation  (=c)  sites 
to  emphasize^that  ,the  theory  for  diamond-structure 
SI  can  be  applied  to  zincblende-structure  semi¬ 
conductors  as  well).  The  parameters  E{i,b)  and 
T(ia,jc)  are  tabulated  in  reference  [19].  The  eigen¬ 
states  of  //o  are  th'^  Bloch  waves  |n,  k)  of  Si,  and  the 
eigenvalues  £,(k)' arc  the  host  band  structure. 

The  perturbed  Hamiltonian  describes  the  (S,S) 
defect,  and  the  defect  potential  is  The 

Hamiltonians  H  and  are  similar  in  form,  with  the 
localized  basis  functions  for  H  being  (formally,'- 
Lowdin  orbitals.  The  defect  levels  E  are  the  solu¬ 
tions  of  the  secular  equation 

det(l-C,(£)V)=0,  (5) 

where  Go{E)  is  the  perfect-crystal  Green’s  function 

operator 

C,(£)  =  (£-//,)•'.  (6) 

In  cases  such  that  £  is  degenerate  with  a  host  energy 
band,  the  boundary  conditions  are  satisfied  if  we 
replace  £  with  £+<e.  where  e  is  a  positive  infinites¬ 
imal.  The  advantage  of  the  Green’s  function  formalism 
is  that  the  dimension  of  the  secular  equation  matrix 
is  small:  the  size  of  the  defect  matrix  V  rather  than 
the  size  of  the  crystal.  Determining  the  defect  energy 
levels  in  this  formalism  reduces  to:  (/)  constructing 
the  host  Green's  function  Go(£):  (it)  obtaining 
the  defect  potential  V\  and  (/«')  solving  the  secular 
equation  for  £. 

4.2.  Green’s  Function 

The  host  Green’s  function  is 

C,(£)  =  S,.J|/t,k>(n,k|]/[£-£,(k)] .  (7) 

4.3.  .Defect  Potential 
4.3.1.  Symmetry 

The  defect  potential  V  is  assumed  to  be  a  mean- 
field  one-electron  potential  whose  value  depends  on 
the  charge-state  of  the  (S.S)  defect.  The  solution  of 
the  secular  equation  is  facilitated  if  the  range  of  this 
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potential  is  minimal.  Therefore,  we  neglect:  (/)  the 
long-ranged  non-centrai-cell  Coulombic  parts  of  the 
defect  potential;  (//)  lattice  relaxation  around  the 
impurities;  and  (Hi)  matrix  elements  of  the  potential 
associated  with  s’  orbitals.  These  approximations 
have  been  discussed  in  other  contexts  [14],  are 
standard  approximations  for  treating  deep  levels, 
and  lead  to  errors  of  a  few  tenthb  of  an  eV  in  pre¬ 
dicted  absolute  deep  level  energies  [14, 19].  Since 
our  goal  is  to  understand  the  physics  of  charge-state 
splittings,  which  are  differences  in  deep  level  energies, 
the  errors  introduced  by  these  approximations  for 
each  of  the  deep  levels  should,  to  a  large  (but  not 
complete)  extent,  cancel  in  the  difference.  Concen¬ 
trating  on  the  form  of  the  first-order  perturbation 
correction  to  the  energy  and  using  the  fact  that  most 
of  the  electronic  charge  in  a  deep  level  is  distant 
from  the  defect  [5],  we  estimate  the  anticipated 
uncertainty  in  the  charge-state  splitting  as  the  uncer¬ 
tainty  in  the  absolute  energy,  position  of  a  deep  level 
multiplied  by  the  fractional  difference  in  the  central¬ 
cell  charge  densities  (See  Tables  3  and  4,  below.) — of 
order  0.01  eV  for  (S,S)  in  Si.  Thus  the  theory  of 
charge-state  splitting  should  be  qualitatively 
predictive,  chemically  correct,  and  quantitatively 
accurate. 

Thus  we  take  the  defect  potential  (in  a  localized 
Ldwdin  orbital  basis  of  s,  p„  p,.,  and  p.  orbitals)  to 
involve  only  the  two  S  sites  and  the  six  neighboring 
Si  sites  directly  bonded  to  S  atoms.  Hence  the  defect 
matrix  is  a  32  x  32  matrix.  The  omission  of  a  more- 
distant  Si  site  at  R  introduces  a  small  error  of  order 
e‘|vl/(R)|-  v/tR  in  the  absolute  deep  level  energy  and 
e'8|ii(R)|'u/t/?  or  -0.01  eV  in  the  (S,S)  charge- 
state  splitting,  where  v  is  the  atomic  volume  and 
8|ij/(R)|’  is  the  difference  in  wavefunctions  of  the 
charged  and  neutral  defects,  and  is  small.  (See 
Tables  3  and  4,  below.)  The  point-group  symmetry 
of  a  substitutional  isolatcd-S  defect  in  Si  (or  in  a 
zincblende  semiconductor)  is  tetrahedral:  T,].  The 
group  of  a  (S.S)  pair  oriented  along  the  (111)  crystal 
axis  is  Cj„.  with  the  vertical  reflection  plane  bisecting 
the  (111)  bond.  (Note  that  the  symmetry  is  reduced 
to  C;  for  a  (Se.S)  pair,  for  example.)  The  irreducible 
representation.'  of  C,,.  are  a,  (o-like),  a;  (rotation 
about  the  S-S  bond),  and  e  (--like).  By  selecting  as 
basis  functioni  the  linear  combinations  of  Lowdin 
orbitals  that  transform  according  to  the  irreducible 
representations  of  C;,,.  (See  Table  1).  the  secular 
determinant  matrix  assumes  the  form  of  a  direct  sum 
matrix  10a,“r.a;+K)e,  and  the  32x32  secular 
determinant  factors  into  one  10x10  determinant. 


one  2x2  determinant,  and  one  20x20  determinant, 
each  with  the  form 

det(l-C;„K)*0,  (8) 

but  involving  only  matrix  elements  between  the  basis 
functions  of  the  irreducible  representations.  For 
example,  the  2x2  equation  for  a^-symmetric  deep 
levels  is 

l-(l|C„|l)(l|Vll)  -  (l|Co|2)(2|r|2)  ^ 
-(2|Go|l)(l|K|l)  l-(2iG„|2)(2|V|2) 

where  |1)  and  |2)  are  the  basis  functions  for  the  a- 
representation  listed  in  Table  1,  and  we  have 

=  (l/6){K(p„R,)+  K(p,.R,)  +  V(p,.R,) 

+  V(p..,R,)  +  V(p,,R3)  h-  V(p,,'R,-)} 

(lOfl) 

(21V12)  =  (l/6){V(p„R,)  +  V(p„R,)  +  V(p,.R,) 

+  V(p,.R,)-)-V(p,.Rj)  +  V(p,,R,)} 

(10b) 

Here  we  have  R„  =  (0,0,0)  and  R,  =  (flL/2)(l,l,l); 
these  are  the  positions  of  the  substitutional  sulfur 
atoms  in  the  silicon  crystal.  The  neighboring  Si 
atoms  are  at  the  positions  R' *  (fli,/2)(- 1,-1,1), 
Rj  =  («l/2)  (1.  -1,  -1),  R4  =  {aJ2)  (-1. 1,  -1), 
R,  *  (aJ2)  (0, 2, 2),  R»  =  (aJ2)  (2. 0, 2),  and 
R7®  (flL/2)  (2,2,0),  where  Oi  is  the  lattice  constant 
of  the  perfect  silicon  crystal.  We  have  also  assumed, 
following  Hjalmarson  eral,  [14],  that  there  is  no  lat¬ 
tice  relaxation  and  hence  that  the  defect  potential  is 
diagonal.  (Therefore  we  take  V(p^.R,.)  =  V(p,(Sl)) 
for  all  p,  and  l</<8.) 

Similarly,  for  a^  (cr-like)  levels  we  have: 

detZ)  =  0,  (11) 

where, 

10 

0,,  =  (l-C„V),y  =  8,,-  I  (i|G„l/)//lVl/)  (12) 

f*  1 

Here  5  is  a  Kronecker  delta,  and  |/).  with  /=  1 ,2 . 10, 

are  the  basis  functions  for  the  a,  irreducible  repre¬ 
sentation  (Table  1).  If  we  adopt  Hjalmarson's 
approximations  for  the  potential,  we  find 

^..,  =  8..,-(/lC„|/)(/|V^|/>.  (13) 
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Table  1.  Basis  Functions  of  the  Irreducible  Representations  for  Paired  Sulfur  Impurities. 
Irreducible 

Representations  Basts  Functions 

of  Q, _ ^ _ 

a\  |s.Ro>. 

is.R,). 

(1/V3){|s.R:>  +  Is.R3)  +  |s.R4>}. 

(l/V3){|s,R3)-r|s.R4)  +  |s.R7)}. 

(l/V3){|p...R,>-i-|p4.Ro>  +  |p,.Ro>}. 

(l/V3){|p...R,)  +  |p,.R,)  +  |p,.R,>}. 

(1/V3){|p,.R,>  +  |p,.IJ3>  +  Ip„R4>}. 

(l/V3){|p...R:)  +  ip„R3)  +  |p,.R»>}, 

(I/V6)  {|p„  Rj)  +  Ip,,  Rj)  +  [p,,  R4>  +  Ip,,  R:>  +  |p...  Rj)  +  |p.,  R4>}.  and 

(1/V6)  {|p4,  Rt)  +  Ip,,  Rj>  +  IPx.  Rs)  +  Ip...  Rr)  +  Ip...  Rs)  +  Ip.-.  Rs)} 

(1/V6) {|p„ R:>  +  |p,, Rj)  -  |p„ R4)  -  |p,. R.)  -  |p... Rj)  +  Ip.-, R4>}.  and 

(1/ V6)  {|p4,  R7)  +  Ip...  Rs)  -  Ipx.  Rs)  -  IPy.  Rr)  -  |P...  Rs)  +  IP:.  Rs)} 

e  (l/V6),{2|p„R,)  -|p,,Ro)  -|p..,Ro)}.  and 

(1/V6){2|p4,R,)-|p,,R,)-|p...R,)}; 

(l/V2){|p„Ro)-|p.,Ro)}.  and 
(l/V2){|p,,R,)-|p..,R,>}; 

(l/V6){|s.Rj)  -  2|s.R,)  -h  IS.R4)},  and 
(l/V6){|s.R7)-2|s.R5)  +  is.R«)}: 

(1/V2){|s,Rj)-|s,R4)}.  and 
(1/V2){|s.R7)-|s,R«)}; 

(1/ Vl2)  {2|p4,  Rj)  -  Ip,,  Rj)  +  2|p4,  R4)  -  |p,,  Rj)  -  Ip..,  Rj)  -  Ip..  R4)}.  and 

(1/V12)  {2|p.,R7)  -  Ip„R5)  +  2|p4,R4)  -  |p,,R7)  -  |p..,Rj)  -  |p..  R.)}: 

(I/V12)  {2|p,.  Rj)  -  |p„  Rj)  -  2|p„  R4)  +  Ip,  .  R;)  +  Ip...  Rj)  “  !p..  R4)}.  and 

(1/V12)  {2|p,.R7)  -  Ip,.R5)  -  2ip,.R4)  +  Ip^.R,)  +  |p.-.  Rj)  -  |p...  R,)}: 

(l/V6){|p...R:)  -  2|p,.Rj)  |p,..R4)},  and 
(1/V6){|p.,.R7)-2|p,.R5)-^|p,.R,)}; 

(1/V2)  (Ip,.  R;)  -  Ip,.  R4)}  and  {1/V2)  {ip...  -  |p,.  R»)}; 

(1/2)  (Ip,.  R:>  +  Ip,.R3)}  -  |p...Rj)  -  IP...R4)}.  and 
(1/2)  {|p,.R7)  +  IPv.Rs)}  -Ip.-.Rs)  -  Ip.-Rs)}:  and 
(1/2)  {-Ip,,  Rj)  +  Ip,.R3)}  -h  Ip...Rj)  -  IP...R4)}.  and 
(1/2)  {-|p„  R7)  -H  |p,.R5)}  +  IP...R5)  -  Ip...  Rs)} 


Hero  we  have 

(1|K|1)  =  V'(s.RJ  =  l'(s,(S))  =  (21^12)  =  ^(s.R,), 

(31^13)  =  ('/3){K(s.R:)  +  ^(s.Rj)  +  ^(s.R,)} 

=  V'(s.(Si))  =  (4|Vl4). 

(51K|5)  =  ('/3)  {K(p,.  RJ  +  Vip,.  RJ  +  KCp,,  RJ} 
=  V^(p.(S))  =  (61^16). 

and.  for  «  =  7,  8,  9.  and  10. 


(rtlKl/t)  »  (>/3)  (np,.  RJ  -i- VCp,.  RJ  +  ^(p,.  RJ} 

=  V'(p.(Si)).  (14) 

Here  we  have  V(s.(S))  =  V(s.RJ, 

np.(S))  =  K(P..RJ.  ^(5.(50)  »  V(s,RJ.  and 
f^(p.(Si))  *  V'(p^,RJ,  where  |i  is  .r,  y,  or  z. 

For  rr-like  e-states  we  have  a  similar  secular 
determinant  to  Equation  (13)  involving  the  basis 
states  of  Table  1,  with 
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for  m  *  9,  10 . 20.  (15) 

Similar  results  hold  for  the  isolated-S  defect,  with 
the  basis  functions  of  Table  2  (See  Appendix.) 

4.3.2.  Dependence  on  Mean-Field 

The  effective  mean-field  potential  felt  by  an  elec¬ 
tron  in  a  deep  level  depends  on  the  charge-state  of 
the  level,  much'as  in  atomic  physics  the  potential  and 
orbital  energy  depend  on  the  atomic  charge  state. 
For  example,  in  He*  the  Is  electron’s  potential  is 

Table  2.  Basis  Functions  of  the  Irreducible  Representations  for  an  Isolated  Sulfur  Impurity 
in  Si  at  the  Origin.  The  Notation  is  the  Same  as  for  Table  1. 

Irreducible 

Representations  Basis  Functions 

of  Tj _ _ 

|s,Ro>. 

(1/2) {|s,R,>  +  |s.Rj>  +  |s.Rj).  +  1s.R4>},  and 

(1/V12)  {|p„  R,)  +  Ip,,  r,>  +  Ip,.  r,>  -  |p„  Rj>  -  Ip,,  r,>  +  |p,,  r,) 

+  iPi.  Rs)  -  Ip,.. Rs)  “  Ip...  Rj>  -  Ipi.  R4>  +  Ip,..  Rt)  -  Ip.-,  R4>} 

E  (1/V24)  {2|p,.  R,)  -  Ip,.  R,)  -  IP,,  R,>  -  2|p„  R;>  +  |p,,  Rj>  -  |p,.  R,) 

+  2|p„  R3)'r^!lp,.  Rs) .+  Ip.,  R3>  -  2|p„  R,)  -  Ip,,  r,)  +  Ip, ,  r,)} 
and 

(l/VS)  {|p,,R,)  -  |p,.R,)  -  |p,.Rj>  -  Ip,.  R,)  -  Ip,.  R,>  +  Ip,.  Rj) 

+  IP,..R4)  +  IP...R4)} 

T"!  (1/V8)  {|p,,  R,)  -  |p„ R,)  +  |p,,  Rj>  +  |p„  Rj)  -  Ip,,  Rj)  +  |p„  R3> 

-|P.V.R4>'-|P4.R4)} 

(1/V8)  {|p„  R,>  -  Ip,.  R,)  +  Ip,.  R,>  +  |p„  Rz)  -  Ip,.  R,>  +  Ip,.  R3) 

-|Pi.R4>~1P...R4)} 

(1/V8)  {|p„  R,>  -  |p,,  R,)  +  |p„ R,)  +  Ip,,  Rj)  -  |p„  Rj)  +  Ip,.  Rj) 

“  Ipj.  R4) Ip,..  R4)} 

T.  |p,.Ro),|p,,Ro),  and  |p,,Ro); 

(1/2){|s.R,)-|s,R:)  +  |s.R3)-|s.R,)}, 

(1/2)  (Is.R,)  -  |s.Rj)  -  IS.R3)  +  |s,K,M.  and 
(1/2)  lls.R,)  +  |s.R:)  -  Is.R,)  -  Is.R,)); 

(1/2)  {|p,.  R,)  +  Ip,.  Rj)  +  Ip,.  R,)  +  Ip, ,  R,)}. 

(1/2)  {!p,,  R|)  +  Ip,.  Rj)  +  Ip,.  Rj)  +  Ip,.  R,)}.  and 
(1/2)  {|p,.  Ri)  T  Ip,.  Rj)  +  Ip,.  R,)  +  |p,.  R,)};  and 
(1/Vs)  {|p,.  r,)  +  Ip,.  Rj)  -  Ip,  .  r,)  -  jp,,,  r,) 

+  Ip;.  Ri>  “  IPt. R:)  -  Ip...  R3>  +  Ip...  R4)}. 

(l/S)  (Ip,.  R.)  +  Ip,.  Rj)  -  |p,.  Rj)  -  |p,.  R,) 

+  Ip,,  Ri)  ~  Ip,.  Rj)  +  Ip,.  Rj)  -  Ip,. Rj)}.  and 
(1/V8)  iip,,  R,)  -  Ip,.  Rj)  -  |p,.  Rj)  +  Ip,.  Rj) 

_  +1Pv.R|)  ••  |py.  Rj)  +  IPy.  R.O  -  IPj  .  R;)} 


{n\V\n)  » (l/6){V(p,.R,)  +  V(p„R,)  +  V(p,.RJ} 
=  V(p,(S)). 

for  fl  =  1,  2,  3,  and  4,  and  with 

mD  =  (1/6)  { V(s,Rj)  +  4V(s,R,)  +  V(s,Rj)} 

=  ns,(Si)), 

for  /  =  5,  6,  7,  and  8,  and 
(m|V|m)  »  (i/12){4r(p„Rj)  -H  V(p,.R,) 

+  4nPx.R4)  +  V'(p,,Rj)+V(p,.R,) 
nP;.R4)}»V(p,(Si)),  ! 
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-2e'lr,  but  in  He®  the  effective  (Hanree)  potential 
is  **Zeff  e'/r,  where  Zeff  is  1.7  [8].  Haldane  and 
Anderson  [16]  have  proposed  a  simple  fkheme  for 
treating  such  Couiomb*induced  charge*state  effects. 

The  atomic  orbital  energies  are  written 

£(s.a)»  £f+f/„2;.«(s,or') 

+  £/,p2^,./t(p^,ff')  (16a) 

and  £(Pv,cr)  =  £p®+  n{p^,<T') 

+  C/,pS,.«(s,or').  (166) 

where  a  is  a  spin  index  (up  or  down),  v  and  p.xun 
over  X,  y,  and  z,  and  the  prime  on  the  sum^mations 
means  that  terms  with  or  =  a'  and  v  =  are  excluded. 
The  occupation  numbers  n  are  either  unity  or  zero  in 
atoms.  The  Coulomb  integrals  £4,  U^,  and  U„, 
together  with  the  orbital  energies  £,®  and  £p,  are 
determined  by  fitting  atomic  spectra.  (This  has  been 
done  for  S  and  Si  by  Sankey  etal.  [10].) 

In  the  Haldane-Anderson  scheme,  the  occupa¬ 
tion  numbers  for  atoms  in  the  solid  are  allowed  to 
assume  non-integral  values  (reflecting  the  fact  that 
the  charge  is  not  localized  on  a  single  atom).  Thus 
there  are  occupation  numbers  n(i,7;R)  for  each 
site,  and  expressions  for  the  orbital  energies  analo¬ 
gous  to  Equations  (16a)  and  (166)  at  each  site. 
(Note  that  R  labels  the  site,  not  the  unit  cell,  and  so 
can  refer  to  either  an  anion  or  a  cation  site.) 

The  occupation  numbers  rt(i,or;R)  in  the  defect- 
perturbed  solid  are 

n{i,  cr;R)  =  j  /(£)(/, <T;R\h{E-H)\i, o.-R) d£, (17) 

where  /(£)  is  the  Fermi-Dirac  function  (which,  at 
zero  temperature  is  unity  for  valence  band  states  and 
occupied  deep  levels  in  the  gap,  and  zero  otherwise). 

The  spectral  density  operator  h(E-H)  is  related 
to  the  penurbed  and  unperturbed  Green’s  function 
operators  G  and  Co  as  follows: 

5(£-/f)  =(-l/TT)ImC 

=  (-l/w)Im[Co(l-CoV')”].  (18) 


Thus  at  zero  temperature  we  have 


rt(/.CT;R)=  i-l/v) 


Im  (/,  a.  R|G(£)|/,  cr,  R) 


+  l/\{i,(T;R\%)\^  (19) 

where  £„  is  the  valence  band  maximum  and  the  sum¬ 
mation  runs  over  the  occupied  bound  state;  in  the 


band  gap.  The  bound  states  are  normalized  according 
to  the  condition  [20] 

('?;|V(d/d£)[Go(£)JVl'I';)  =  -l.  (20) 

Following  Hjalmarson  etal.  [14],  the  defect 
potential  V»H-Ho  is  diagonal  in  a  L6wdin-orbital 
basis  for  the  perturbed  crystal,  with  the  values 

(/,  ar;R|  V\i,  (r;R)  *  3,[£(/.  a;R) -  WQ, <y;R)]  (21) 

where  3,  =  0.8  for  /  =  s  and  3i  *  0.6  for  i  =  p,,  p^,, 
or  p;  [14].  W  is  the  value  of  £  for  Si.  Thus  the  defect 
potential  depends  implicitly  on  the  occupation 
numbers  n  through  Equations  (21)  and  (16);  and  the 
occupation  numbers  depend  on  the  defect  potential 
through  Equations  (17),  118),  and  (19).  The  differ¬ 
ence  between  (S.S)*  and  (S,S)®  comes  ultimately 
from  the  difference  in  occupation  numbers  n,  which 
are  self-consistently  determined.  We  solve  this  prob¬ 
lem  Iteratively  and  find  a  self-consistent  solution  to 
the  equations.  The  resulting  occupation  numbers 
are  given  in  Table  3.  As  expected,  (/)  they  add  to 
(almost)  six  electrons  per  S  atom  and  four  per  Si, 
and  (it)  they  are  almost  the  same  for  (S.S)*  and 
(S,S)® — as  was  the  case  for  isolated  S*  and  S®  [9] 
(See  Table  4.). 

5.  RESULTS 

5.1.  Charge-State  Splitting 

The  principal  result  of  the  calculation  is  a  charge- 
state  splitting  for  (S,S)  of  0.19eV  'that  agrees  re¬ 
markably  well  with  the  experimental  value  of  0.18eV 
[12, 13].  For  the  isolated  substitutional  sulfur  impurity, 


Table  3.  Computed  Occupation  Numben  n(/,(7;R) 
for  the  (S,S)  Defect  in  Si. 


Occupation  Number 

(S,S)® 

(S,S)’ 

2,/i(s(7;R<,) 

2.01 

l.% 

-».a«(P..<^:Ro) 

3.86 

3.86 

2,/:(s<7;R:) 

1.26 

1.26 

2.65 

2.60 

Table  4.  Computed  Occupation  Numbers  for  the 
Iwlated-S  Defect  in  .ii. 

Occupation  Number 

(S)® 

(S)* 

1.97 

1.92 

^  (  P|*^*  ^o) ' 

3.84 

3.87 

2,rt(sff:R|) 

1.25 

1.30 

-u.a«(P,.'r:Ri) 

2.64 

2.57 
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we  find  a  charge-state  splitting  of  0.27  eV,  compared 
with  the  experimental  value  of  0.30  eV  [12, 13].  The 
smaller  charge-state  splitting  for  the  gap  deep  level 
of  (S,S)  than  the  gap  level  of  S  is  due  largely  to  the 
p-like  character  of  the  “molecular"  level  (which  is 
derived  from  the  isolated-S  Tj  resonance  in  the  con¬ 
duction  band,  not  from  the  isolated-S  Ai  deep  level 
in  the  gap).  Because  of  this  p-like  character,  the 
deep  level  of  (S.S)*^  has  only  about  S%  of  its  elec¬ 
tron’s  charge  on  either  S  site,  whereas  the  s-iike  At 
deep  level  of  S*  has  about  10%  of  an  electron  in  the 
central  cell.  (See  Tables  5  and  6.)  About  54%  of  the 
charge  lies  on  the  six  neighboring  Si  atoms,  with  the 
rest  being  further  away  from  the  defect. 

5.2.  Charge  Densities  and  HyperHne  Tensor 

Our  charge  densities  are  essentially  the  same  as 
those  of  Sankey  etal.  [1, 2]  for  (S.S)”  and  Ren  etal. 
[5]  for  (S)'’-r-and  so  agree  with  the  data 
[3,11,13,21,22],  as  those  theories  do.  For  sulfur 
purs  Sankey’s  wavefunction  coefficient  [2,21,22] 
is  0.21  and  0.20  for  (S,S)°  and  (S,S)*,  respectively; 
we  find  0.18  for  both  charge  states  [23]. 

The  hyperfine  tensor  A  depends  on  the  contact 
interaction  with  the  nuclei  and  hence  samples  the 
deep  level's  charge  density  at  the  relevant  sites.  Thus 
the  various  measured  ratios  of  hyperfine  tensor  ele¬ 
ments  are  related  to  charge  densities  at  the  defect’s 
sites,  as  discussed  in  detail  by  Sankey  etal.  [1,2]. 
We  find 

(A,-^J/(At+2AJ- 0.016, 

compared  with  Sankey’s  values  of  0.015.  (These 
small  values  explain  why  the  experimental  hyperfine 
tensor  has  appeared  to  ^  isotropic  for  such  an  aniso¬ 
tropic  defect.)  We  are  unaware  of  any  measurement 
of  this  ratio  for  (S.S)”,  but  the  corresponding  ratio 
measured  for  (Se,Se)'’  is  0.01  [3].  The  comparison 
of  theoretical  results  for  (S,S)  with  data  for  (Se,Se) 
is  appropriate,  despite  one's  initial  impulse  to  the 
contrary,  because  the  wavefunctions,  of  S  and  Se  deep 
levels  in  Si  are  known  to  be  almost  the  same  [2, 5], 
due  to  the  antibonding  character  of  the  deep  levels: 
these  levels  are  Si  dangling-bond-like  [14]. 

For  the  ratio  of  S-site  hyperf.i ;  tensor  con’.,x)nents 
of  the  "molecule’’  (S,S)*  and  the  “atom”  (S)*,  we 
find 

/lj[(S,S)*]/A[(S)*]  =  0.35, 

in  agreement  with  the  experimi;ntal  value  of  0.37  [3]. 
(The  same  result  is  obtained  for  Se  and  S  [3],  lending 


Table  5.  Computed  Electronic  Charge  Distribution  of 
the  a|-Synunetric  Meso-bonding  Deep  Level  Slate  in  the 
Fundamental  Band  Gap  of  Si  Associated  with  Nearest- 
Neighbor  Substitutional  Sulfur-Pair  Impurities  (S,S)'’. 
The  Index  p.  Runs  Over  x,  y,  and  z;  the  Index  Ry  Runs 
Over  R,  and  Rp  That  is.  Over  the  Sulfur  Slt^:  and 
Ky  Runs  Over  Rx,  R),  R4,  Rs,  Rtt  ond  R?:  the  First- 
Neighbor  Silicon  Atoms  to  Each  S  Impur>y. 


Sute  Electron  Charge  (%) 


3.4 

1.9 

S;.l<'P|s.R/.(Si)>|V6 

1.3 

2y.J('P|p.,Ry(Si)>|V6 

7.7 

Table  6.  Computed  Electronic  Charge  Distribution  of 
the  A|  Deep  Level  Sute  in  the  Si  Band  Gap  Associated 
with  a  Single  Substitutional  Sulfur  Impurity  (S)'’.  The 
Index  p  is  x,  and  z. 


State  Electron  Charge  (%) 


l('P|s.R,(S)>|= 

9.6 

2j('P|p,.R»(S)>|' 

0.0 

S,|('P|$,R,(Si)>|V4 

l'i'7 

2/,J('J'lp..R>(Si)>lV4 

I3i8 

support  to  our  argument  that  the  ratios  of  hyperfine 
tensor  components  are  almost  independent  of 
chalrogen.) 

We  find  the  ratio  of  perpendicular  to  parallel  prin¬ 
cipal  hyperfine  tensor  components  to  be 

Ax//4t»0.95 

for  (S,S)*.  This  is  in  good  agreement  with  the  value 
0.97  that  W6mer  and  Shirmer  [3]  found  for  (Se,Se)'’. 
(The  corresponding  ratio  for  (S,S)’  could  not  be 
determined  experimentally.) 

Thus  our  results  describe  the  data  very  well  and  so 
lend  support  to  the  meso-bonding  picture  of  the 
(S,S)  deep  levels  in  the  gap  of  Si,  while  confirming 
the  antibonding  character  of  the  A,  isolated-S  deep 
level. 

5.3.  Absolute  Level  Positions 

The  Vogl  model  of  electronic  structure  has  a 
feature  that  is  reflected  in  the  absolute  energies  of 
the  calculated  S  and  (S.S)  deep  levels,  namely  the 
p-states  are  artificially  depressed  in  energy  due  to 
the  strong  s*-p  coupling,  necessary  to  produce  the 
correct  indirect  fundamental  gap  while  simultane¬ 
ously  restricting  tht  basis  set  to  only  five  orbitals  per 
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atom.  As  a  result,  the  calculated  absolu'.;  deep  level 
energies  of  both  S  and  (S.S)  are  several  tenths  of  an 
eV  below  the  corresponding  experimental  values 
[24].  This  problem  is  analogous  to  a  more  serious 
difficulty  of  local  density  theory,  which  yields  band 
gaps  too  small  by  typically  a  factor  of  two  [20, 2S,  26]. 
In  the  Vogl  model  of  Si,  the  strength  of  the  s’-p 
coupling  is  adjusted  to  depress  the  indirect  conduction- 
band  minimum  to  its  observed  energy.  This  has  the 
effect  of  also  depressing  p-like  deep  levels  in  Si, 
sometimes  by  too  much.  One  could,  of  course, 
correct  for  this  by  including  more  and  more  orbitals 
in  the  basis  set;  but  the  costs  of  such  a  correction,  in 
terms  of  increased  computational  labor  and  reduced 
physical  transparency,  normally  outweigh  the  bene¬ 
fits.  It  is  easier,  and  almost  as  accurate,  to  simply 
mentally  adjust  the  p-like  deep  level  predictions  of 
the  Vogl  model  upwards  in  energy  by  a  few  tenths  of 
an  eV;  normally  it  does  not  make  sense  to  fonnaily 
correct  the  theory.  Nevertheless  we  can  assess  the 
seriousness  of  this  problem  by  increasing  the  energy 
of  the  s*  orbital  until  the  neutral  isolated-S  deep 
level  coincides  with  the  experimental  level  at  0.86  eV 
(with  respect  to  the  valence  band  maximum)  and 
then  determine  if  the  charge-state  splittings  of  S  and 

(5.5) ,  as  .well  as  the  absolute  energy  of  the  (8,8)” 
level,  agree  with  the  data.  In  this  case  we  find  that 
the  charge-state  splitting  of  8  is  0.32  eV  (compared 
with  the  experimental  value  of  0.30  eV  [12, 13]  and 
the  value  0.27  eV  obtained  with  an  unadjusted  s* 
energy),  the  charge-state  splitting  of  (8.8)  is  0.15  eV 
{versus  experiment  with  O.lSeV  [12,13]  and  unad¬ 
justed  theory  of  0.19  eV),  and  an  absolute  (8,8)® 
level  of  0.97  eV,  in  agreement  with  the  observed 
energy  0.98  eV.  Furthermore  the  totally  antibonding 
A, -derived  ai-symmetric  deep  levels  of  (8,8)®  and 

(5.5) ’  lie  in  the  valence  band,  not  in  the  gap  [27].  The 
calculated  charge-state  splitting  is  almost  independ¬ 
ent  of  the  approximations  of  the  sp’’s*  Yogi  model. 

6,  SUMMARY 

We  conclude  that  the  basic  physical  picture  of  a 
meso-bonding  (8,8)  deep  level  in  the  fundamental 
band  gap  of  Si  is  valid,  that  the  charge-state  splitting 
of  (S.S)  is  smaller  than  that  of  isolated-S  because  of 
the  p-like  meso-bonding  character  of  (8,8)  versus 
the  s-like  A,  character  of  the  8  deep  level,  and  that 
the  ihaory  predicts  the  charge-state  splittings.  c!..irgc- 
densifics,  and  hyperfine  tensors  with  rather  good 
accuracy:  for  example,  the  uncertainty  in  the  charge- 
state  splitting  predictions  associated  with  quirks  of 
the  model  is  of  order  0.01  eV. 
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APPENDIX:  ISOLATED  SULFUR 

For  a  single  substitutional  8  impurity  in  Si.  the 
defect  potential  involves  the  impurity  site  and  the 
four  neighboring  sites.  With  the  relevant  Lowdin 
orbitals  being  s,  p^,  p,.,  and  p.,  this  leads  to  a  20x20 
defect  matrix,  and  tetrahedral  (7^)  point-group 
symmetry.  The  twenty  basis  functions  form  linear 
combinations  (See  Table  2)  that  reduce  the  secular 
matrix  to  the  direct  sum  3Ai  +  E+7,+47:. 

Our  calculated  results  for  S  in  Si  differ  in  numer¬ 
ical  detail  from  those  of  reference  [9],  although  the 
physics  of  reference  [9]  is  still  correct.  The  present 
numerical  results  supersede  those  of  reference  [9], 
and  are  different  as  detailed  in  reference  [18].  The 
resulting  occupation  numbers  are  given  in  Table  4. 
The  wavefunction  coefficients  y,  [2]  for  (8)®  and 
(8)*  are  0.30  and  0.31,  respectively.  These  compare 
favorably  with  the  value  for  '(S)*  of  0.32  obtained  by 
Ren  etdl.  [5].  Thus  we  have  9.6®/o  (Table  6)  of  the 
deep  level’s  charge  in  the  central  cell,  whereas  the 
experiments  find  » 10®/o  [13, 22].  Moreover,  the 
nearest-neighbor  hybrid  is  89®/o  p-like  in  the  present 
theory  (See  Table  6:  [13.8/(1.7+13.8)]),  compared 
with  =*91%  deduced  from  ESR  and  ENDOR  data 
by  Grimmeiss  etai  [13]  and  Niklas  and  Spaeth  [22]. 
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ABSTRACT 

The  strain  energy  of  ordered  phases  of  ternary  III-V  alloys  has  been  estimated. 
A  chalcopyrite  structure  is  found  to  always  have  a  lower  strain  energy  than  I*! 
superlattices  oriented  along  the  (0.0,1)  or  (1,1.1)  directions.  Ga-.As  and  In-.As  bond 
lengths  in  ordered  compounds  Galn.Aso  are  found  to  be  in  »ood  agr&ment  with  the 
.\Iikkeisen-Boyce  EXAFS  measurements  for  the  alloy.  The  effect  of'both  ordering  and 
strain  on  the  bandstructure  is  also  considered. 

\ 

1.  INTRODUCTION 

Recent  reports  of  new  ordered  structures  in  the  ternary  III-V  alloys  Afi-xGax.As. 
'Ga.Asi.xSbx  and  Gaj-xInxAs  for  x  s  ^  and  x  s  I*  have  kindled  considerable  interest  in 
the  semiconductor  community.  Remembering  that  a  zinc-blende  structure  is  composed 
of  two  faco<entered  cubic  (fee)  sublattices,  and  ignoring  the  atoms  located  on  the 
"pas.dve"  non-ordering  sublattice,  one  finds  that  the  newiy  discovered  x  =  ^ 
semiconductor  structures,  termed  the  (0,0.1)  1*1  superlattice,  chalcopyrite,  and  (1,1,1) 
1*1  superlattice  (see  Fig.  1),  are  all  relatw  to  the  fee  special-k  point  structures  of 

metals:  (0,0,1),  (0,i,l),  and  (1.1,1).  space  groups  P4/mmm,  I4i/amd,  and  RJm.^ 


ABCj  Structures 


(p52ni)  (iSao)  (R3m) 


FIGURE  1.  Special-k  point  structures  for  ordered  compounds  ABC2:  k  =  (0,0,1),  1*1 
superlattice  oriented  along  the  z  direction;  k  =  (O,),!),  chalcopyrite:  and  k  =  (1,1.1), 
!*1  superlatiice  oriented  along  the  (1.1,1)  direction.  Also  shown  are  the  respective 
space^roup  dcsictnuions  of  each  crystal  typo.  Note,  each  structure  is  shown 
undisiorted  fr-u::  the  parent  zinc-bloncic  form.  Cations  A  and  1.  are  shown  as  large 
open  and  shaded  circles,  respectively,  and  the  anions  C  arc  shown  as  smaller  filled 
circles. 
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The  structure  reported  for  x  =  i,  famatinite,  shown  in  Fig,  2,  is  also  a  (M  0)  spccial-k 
structure. 

Not  known  presently  is  the 
stability  of  the  phases  found.  All 
ABjC^  Structures  experimental  reports  have  used 

— rfO  -yty _ ^ epitaxial  growth,  suggesting  strongly 

!  the  possiSility  of  strain  stabilization, 
i  I  '  Mbaye  et  al.,^  who  have  calculated  a 

Fx  phasi  diagram  in-  a  tetrahedron 

I  i  I  approximation,  used  strain  argu- 

nients  to  explain  why  ordered  phases 
T  i  jTx^Vn  I  are  not  normally  seen. 

existence  of  sizable  strains 
i  i  in  the  materials  due  to  the  tetrahed- 

•j  1  I  ^a1  spa  bond  is  clearly  the  feature 

^  that  distinguishes  the  sc-niconductor 

‘  Ordering  problem  from  that  in  met- 

Fomot.n.  e  Luron.t*  investigates  the 

^  ^ (  3  )  ,  effects  of  strain  on  the  new  ordered 

compounds.  Strain  energies  for  the 

FIGURE  2.  Special-k  point  five  special-k  structures  arc  found, 

structures  for  ABaC^  ordered  Finally,  the  effects  of  strain  and 

compounds:  k  =  (0.0,1),  luzonite,  order  on  the  bandstructure  of  the 

and  k  =  (0,i,l),  famatinite,  new  ordered  forms  is  investigated, 


Fomatinite 
(  I42m) 


Luzonite 

(P43m) 


FIGURE  2.  Special-k  point 
structures  for  ABaC^  ordered 
compounds:  k  =  (0,0,1),  luzonite, 
and  k  =  (0,i,l),  famatiiiite. 


using  as  examples  the  (0,0,1  )-oriented  superlattice  and  chalcopyrite  ordered  structures. 
2.  THEORY 

2.1  The  Effects  of  Strain  on  Structure 

We  estimate  the  strain  energy  of  a  semiconductor  from  a  simple 
phenomenological  formula  due  to  Harrison:'^ 


This  formula  has  two  contributions:  A  bond-stretching  term,  present  because  there  is  a 
natural  bond  length  between  any  pair  of  a,o;ns.  and  a  bond-bending  term,  indicating 
that  the  energy  snouid  increase  if  angles  deviate  from  those  in  a  perfect  tetrahedron. 
The  parameters  Co  and  Ct  are  fit  to  elastic  constants. 

Our  calculations  start  by  specifying  the  atomic  positions  in  the  ordered 
structure.  For  each  type  of  structure,  there  is  an  obvious  symmetry-allowed  distortion 
that  best  accommodates  the  bond-stretching  and  bond-bending  forces.  For  example, 
for  chalcopyrite,  see  Fig.  1,  the  positions  of  the  jt  atoms  in  the  basis  are  given  in  terms 
of  just  three  parameters,  the  dimensions  a  and  2^  of  the  body-centered  tetragonal  (bet  • 
unit  cell,  with  c  s  a  s  ;io,  with  ao  the  dimension  of  the  parent  zinc-blende  cube,  and  an 
internal  coordinate  vatiable  p  (p  s  iao).^  Similarly,  the  su|)Orlattice  oriented  along  the 
(0,0.1)  direction  has  as  its  parameters  the  dimtuisions  of  the  distorted  cube,  a*c,  and  an 
internal  cordinate  h  (h  2  iao)  tliat  is  the  distance  alxjvc  ti.c  z  ®  0  plane  of  an  anion  C. 
jTlie  superlattice  oriented  alo;  g  the  (1.1,1)  direction  is  rhombohedrai  in  .'Vinmetry  and 
iS  characterized  by  5  paramete.'.’.j  Then,  for  eatii  atom  in  the  basis  of  theVtructure,  we 
.simply  t.'ibulatc  all  contribiitiiin.s  10  Eq.  (1).  and  then  miniiiiize  the  strain  cnerg\-  with 
respect  to  the  ftce  parameters.  By  evaluating  Eq.  (1)  at  its  minima,  we  liavc  found 
both  the  positions  of  all  atoms  as  well  ns  the  size  of  the  strain  energy. 


2.2  Band.«=tnirtiire  Calculations  .  .  ,  .  ^ 

In  our  calculaiions  of  bandsinicture.  wc  employ  a  modified  empirical  tighi- 
binding  Hamiltonian  that  includes  the  5  atomic  orbitals  s.  p*.  Py.  p.  and  s*.  Such  a 
Hamiltonian  is  known  to  be  accurate  for  the  valence  bands  and  the  conduction  band 
edge  of  zinc-blende  semiconductors.  The  parameters  of  this  Hamiltonian  have  been 
determined  by  fitting  to  e.vperimental  data  for  all  III-V  zinc-blende  compounds  by  \’ogl 
ei  al.® 

Calculations  use  as  input  the  positions  of  the  atoms  in  each  type  of  unit  cell  and 
follow  the  standard  Slater-!  foster  mellfod,  e.g.,  strain  forces  a  modification  of  the 
direction  cosines  used  in  the  tight-binding  Hamiltonian  of  the  zinc-blende  structure.'* 
The  required  tight-binding  parameters  are  found  from  the  parent  III-V  compounds, 
e.g..  we  use  Harrison's  Law.'*  that  the  product  of  nearest-neighbor  matrix  elements 
wfth  the  square  of  the  bond  length,  Vd*.  should  be  nearly  constant.  Finally,  we  have 
included  the  effects  of  valence-band  offsets  on  the  ordered<ompound's  bandstructure.' 
and  have  concluded  that  these  corrections  are  small. 

3.  RESULTS 

We  have  computed  the  strain  energies  and  effects  of  strain  on  five  types  of 
ternary  III-V  ordered  compounds.®  Here  we  simply  quote  results  for  a  prototypical 

In  Fig.  3  wc  show 
results  for  the  Ga-.As 
bond  lengths  (squares) 
and  In-.As  bond  lengths 
(diamonds)  in  the 
Gai-xInx.As  fatnily  of 
compounds.  For  x  =  0  or 
1.  the  bond  length  is  chat 
of  the  zinc-blende  (Z) 
compounds  GaAs  or 
In.As.  For  X  =  ;.  luzonite 
compounds  (L)  contain 
three  Ga-.As  bonds  for 
every  In-.As  bond,  while 
famatinite  compounds 
(F)  have  two  long  and 
one  short  Ga-As  bonds 
for  each  In-.As  tiond.  .A 
similar  result  holds'for  x 
=  3/4.  For  X  =  f,  the  - 
(0,0.1)-oriented  super!  at- 

tice  (S)  and  chalcopyrite  compounds  have  equal  numbers  of  Ga-.As  and  In-.As  bonds, 
while  the  rhomobohedral  (R;  il.l,l)-oriented  sujwrlattice  contains  three  long  and  one 
short  Ga-.As  bond  and  three  short  and  vne  long  In-.As  bond. 

The  dashed  line  shown  in  Fig.  3  indicates  Vegard's  Law  e.Npected  for  the  average 
bond  length  measured  in  the  ailoy  by  .x-ray  diffraction.  Mik.keiscn  and  Boyce*  have 
siiowr:  u.'ing  E.X.AFS  (extended  .x-ray  ab.<!6rption  fine  strucMrc)  measurements  that 
there  are  two  distinct  bond  lengths  in  Gai.xInx.A.'*  alloys,  one  for  each  type  of  bond. 
The  solid  lines  in  Fig.  3  that  p'a.''>  through  the  parent  zinc-blende  compouiids  tire  in 
good  agreement  with  the  slopes  of  liie  .Mikkclscn-Boyce  data  for  the  alloy.  Thc.-c  lines 
pass  through  compounds  with  either  simple  cubic  or  simple  tetragonal  synm.oiry. 
(Parallci  to  those  line.s  are  lines  passing  through  the  body-centered  toirt-^ynal 
compounds,  famatinite.  and  chaico,nyritc.)  We  interpret  this  agreement  follows. 
The  alhiy  is  to  be  thoiisht  of  as  a  mixture  of  all  po.ssible  orientations  of  •ctraltcdra 
.AsGanln^.n.  Portions  of  the  alloy  may  show  incipient  order  of  the  typos  shown  in  Figs. 
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FIGURE  3.  Calculated  bond  lengths  in  the 
Gai-x-inx.As  family  of  compounds.' 
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1  and  2.  The  EXAFS  data  arc  siaiistical  averages  of  the  configurations  found  in  the 
alloy:  a  line  near  the  middle  of  the  distribution  oi  possible  bond  lengths  is  found.  .More 
imf^rtantly,  the  fact  that  the  average  results  for  the  strain  calculations  alone 
reproduce  well  the  EXAFS  data  impics  that  charge-transfer  effects  are  probably  only  a 
small  correction  for  the  lII-\’  family  of  compounds. 

Shown  In  Fig.  4  are  the  cah.ula- 
ted  strain  energies  of  the  orocred 
structure's.  For  x  =  1/4  and  3/4.  we 
find  that  the  famatinite  structure 
has  the  lowest  ene.'gj',  while  for  .v  = 
the  chalcopyrite  structure  is 
lowest  in  cner^,  followed  then  by 
the  (0,0,1)  .'Uperlattice  (S)  and  then 
by  the  rhombohedral-symmctry  (R) 
superiattice  oriented  along  the 
(i.1,1)  direction.  These  results  are 
consistent  with  the  calculated  bond 
lengths  shown  in  Fig.  3.  For  e.vamp- 
le,  for  rhonihohedral  sym:i:‘'iry. 
there  are  two  types  of  Ga-As  (In-As 
bonds).  One  bond,  found  in  a  tetra¬ 
hedron  Galns.As,  which  is  near  the 
parent  bond  length,  and  the  other 
one,  found  with  a  3-f:  'd  degeneracy, 
in  a  tetrahe-dron  Galn.Asj,  at  a 

distance  quite  far  from  the  parent  bond  length.  It  is  easily  seen  from  Eq.  (1)  that  those 
structures  with  large  bond^length  deviaitions  from  the  parent  zinc-blende  compounds 
will  tend  to  have  a  huge  st'rain-2nerg\%  As  a  general  trend,  we  find  that  structures  with 
a  body-centered  tetragonal -Bravais  lattice  most  easily  accommodate  strain. 

Turning  finally  to  electronic  properties,  in  Figs.  4  and  5  we  show  the  low- 
temperaturo  bandstrurtures  of  two  GalnAs;  ordered  structures,  ilie  (0,0.1)  superiattice 
and  chalcopyrite  structure.  The  band  cap  of  the  (0.0.1)  superiattice  is  at  0.S7  eV, 
compared  with  O.Sl  e\'  in  the  alloy  for',\  =  0.47."  and  0.S3  eV  in  chalcopyrite. 
.Notatable  is  the  strain  splitting  of  the  top  of  the  valence  band.  Because  the  local  strain 
field  of  the  tetraliedro:.  has  opposite  orientruions  in  the  two  structures,  witl  the  z 
di'cction  singled  out  :::  the  (0.0,1)  superlati.ee.  and  an  ,\'y  plane  in  chalcopyrite  (see 
Fig.  1),  the  heavy  hole  is  higher  in  the  (0.0.1)  superiattice  ihar  in  chalcopyrite. 
Obviously,  these  two  structures  will  have  distinguishable  e.'cperimental  spectra. 
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FIGURE  4.  Calculated  strain, 
energies  of  the  Gai-xlnxAs 
family  of  compounds. 
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FIGURE  0.  Band"  ructures  of  the  (0.0.1  )-orientcd  superiattice  and  of  the  chalcopyrite 
forms  of  Galn,'\s2  cumpouniis. 


■{.  CONCLUSIONS 

We  have  investigated  tiie  relative  stability  for  III-V  compounds  of  the  tiiree 
.Dossible  ordered  x  =  j  structures:  the  (0.0.1)- and  (l.l.l)^ric.nted  1«1  supcrlalticcs  and 
chalcopyrite.  Without  using  a  second-neighbor  interaction  on  an  fee  lattice.^  we  find 
that  the  strain  encrg\-  due  to  the  Iwnding  of  anions  to  cations  alone  is  enougii  to 
distinguish  tlie  tlircc  pha-^es.  Our  calcnlatioiis^predict  tliat  the  clialcopyriie  structure 
should  have  a  lower  enetgy  than  either  type  of  siiperlauim.  Similarly,  we  find  that  for 
.X  =  ;.  the  fam.'itinite  structure  has  lower  strain  energy  than  the  luzonitc  structure. 

Our  strain  calculations  also  allow  us  to  predict  structural  parameters  such  as 
bond  lengths  for  the  new  ordered  III-\‘  compoundj.  This  in  turn  allows  us  to 
investigate  the  influence  of  order  and  strain  on  the  bandstructurc  of  these  structures. 
We  hope  our  calculations  will  aid  e.xpcrimentalists  in  the  search  for  additional  new 
ordered  semiconductor  compounds. 
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INTRODUCTION 

Tinpurity  levels  de  ermine  the  electrical  properties  of  semiconductors 
and  often  strongly  influence  the  optical  properties  as  well.  Until  rather 
recently  it  was  widely  believed  that  "shallow  impurities,"  namely  those 
impurities  that  produce  energy  levels  within  oO.l  eV  of  a  band  edge,  were 
well  understood  in  terms  of  hydrogenic  effective -mass  theory  (1).  However 
"deep  Impurities"  were  regarded  as  more  mysterious,  having  levels  more  than 
0.1  eV  deep  in  the  gap;  and  several  theoretical  attempts  were  made  to 
understand  why  their  binding  energies  weve  so  large.  While  specific  deep 
levels  were  explained  rather  well  by  the  early  theories,  most  notably  the 
pioneering  work  of  Lannoo  and  Lenglart  on  the  deep  level  in  the  gap 
associated  with  the  vacancy  in  Si  (2),  numerous  attempts  to  explain  why  Che 
binding  energy  of  a  particular  level  might  be  large  (making  the  level  deep) , 
rather  chan  small,  continued  until  recently,  when  it  was  realized  Chat  this 
basic  picture  of  impurity  levels  was  incomplete  (3,4]. 

DISTINCTION  BETWEEN  DEEP  LEVELS  AND  DEEP  IMPURITIES 

Now  it  is  -ecognized  chat  every  impurity  whose  valence  differs  from  that 
of  Che  host  atom  it  replaces  produces  both  deep  and  shallow  levels,  but  that 
the  "deep"  levels  often  are  not  deep  energetically.  The  definitions  of  deep 
and  shallow  levels  have  been  changed  ('3):  now  a  deep  level  is  one  chat 
originates  from  the  central -cell  potential  of  the  defect,  and  a  shallow  level 
originates  from  the  long-ranged  Coulomb  potential  due  to  Che  impurity-host 
valence  difference.  Impurities  that  are  s-p  bonded  normally  produce  four  deep 
levels  in  Che  vicinl^ty  of  Che  fundamental  band  gap:  one  s-like  and  three 
p-like.  More  often  than  not,  Che  deep  levels  do  not  lie  in  Che  band  gap  but 
are  resonant  with  the  host  bands.  Thus,  in  terras  of  the  old  picture,  these 
resonant  levels  have  negative  "binding  energies."  The  four  deep  levels  are 
normally  anti-bonding  and  host-like  in  character.  As  a  result,  several 
different  deep  impurities  produce  levels  with  essentially  the  same 
wavefunccions  (5,6). 

In  contrast  to  Che  deep  levels,  whose  wavefunctlons  are  relatively 
localized  and  have  multi -band  cltaraccer,  shallow  levels  have  wavefunccions 
that  are  extended  in  real  space  and  of  single-band  character  (localized  near 
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«  band  excrenuin  In  l<*space).  The  shallow  levels  are  hydrogenlc,  originate 
from  the  long-ranged  Coulomb  potential,  are  associated  with  the  impurity-host 
valence  difference,  and  have  binding  energies  of  reduced  Rydbergs,  i,e., 
scaled  from  13,6  eV  by  factors  of  effective  mass  and  the  inverse  square  of 
the  dielectric  constant  (resulting  in  binding  energies  of  typically  tens  of 
meV) .  Shallow  levels  can  be  obtained  by  solving  an  effective-mass  Schrodinger 
equation  for  the  envelope  wavefunction  ^(r),  which  is  (assuming  isotropic 
effective  mass  m*  and  dielectric  constant  t) 


((-hV2m*)v2  .  (eV^r)]^  -  (E-Eq)^, 


(1) 


where  Eq  is  the  band  extremum  to  which  the  level  is  "attached." 

The  attachment  to  a  near-by  band  edge  is  the  experimental  signature  of  a 
shallow  level,  and  can  be  verified  by  measuring  the  energy  of  the  level  and 
the  band  edge,  either  versus  alloy  composition  x  In  an  alloy  such  as 
AijjGai  jjAs  or  or  versus  pressure.  In  contrast  to  shallow  levels, 

deep  levels  are  not  attached  to  band  edges,  and  their  energies  (with  respect 
to  the  valence  band  maximum)  tend  to  vary  more-or-less  linearly  with  alloy 
composition. 


DEPENDENCE  ON  ALLOY  COMPOSITION 


Fig.  1  summarizes  data  (7]  for  the  alloy-composition  dependence  of 
levels  associated  with  anion-site  impurities  in  CaAs^.^P^  alloys.  The  levels 
associated  with  S,  shallow  doner  levels,  follow  the  conduction  band  edge  as 
the  composition  varies,  and  are  "attached"  to  it.  Se  levels  exhibit  the  same 
behavior  as  S.  The  N  and  0  levels  vary  approximately  linearly  with  alloy 
composition  and  are  unattached  to  any  band  edge.  These  data,  when  first 
obtained,  were  rather  perplexing,  because  0,  S,  and  Se  were  expected  to 
behave  the  same,  since  all  came  from  Column-VI  of  the  Periodic  Table,  and  all 
were  presumed  to  occupy  a  Column-V  anion  sice.  By  the  old  definition,  the 
oxygen  state  was  clearly  a  deep  level,  lying  more  chan  0.1  eV  from  the 
conduction  band  edge.  The  N  level,  however,  had  Che  same  qualitative 
dependence  on  alloy  composition  as  Che  0  state  (indicating  it  should  be 
classified  as  deep),  yet  it  was  close  enough  to  the  band  edge  in  CaP  to  be 
classified  as  shallow  by  the  old  definition  of  a  shallow  level.  Moreover  it 
was  energetically  deep  in  the  gap  for  CsAsq  ^Pq  3,  but  invisible  (possibly  in 
Che  conduction  band)  for  CaAs, 

The  N  level  data  in  GaAs^.j^Pj^  provided  an  important  clue  for 
understanding  Che  physics  of  deep  impurities,  because  N  is  isoelectronic  to 
As  and  P,  and  so  Che  substitutional  impurity  has  no  long- ranged  Coulomb 
potential:  its  level  could  only  be  explained  in  terms  of  Che  central-cell 
defect  potential  (and,  possibly  also  Che  modest  strain  field  around  the 
impurity)  [4],  The  natural  explanation  for  Che  data  of  Fig.  1  is  that  the 
central-cell  potential  produces  ch«;  oxygen  deep  level  and  chat  the  N  level  is 
similar  to  the  oxygen  level,  and  should  also  be  termed  "deep.”  The  shallow  S 
(and  Se)  levels  are  caused  by  the  Coulomb  potential  associated  with  Che 
valence  difference  between  the  Column-VI  impurities  and  the  Column-V  host,  S 
and  Se  must  also  have  deep  levels  similar  to  the  oxygen  deep  level,  but  their 
deep  levels  must  be  resonant  with  the  conduction  band  of  CaAsj^jjPj^  for  all 
alloy  compositions  x,  and  hence  are  invisible  (as  with  Che  case  for  N  when 
x<0.2).  Thus  the  picture  has  emerged  that  the  central-cell  potential  produces 
deep  levels,  and  Che  Coulomb  potential  yields  shallow  levels  (which  ideally 
are  infinite  in  number,  because  a  Coulomb  potential  has  an  infinite  number  of 
bound  states).  For  s-  and  p-  bonded  substitutional  impurities,  we  expect  one 
s-llke  and  three  p-llke  deep  levels  associated  with  every  band,  based  on 
Rayleigh's  interlacing  theorems  [8);  this  means  chat  in  the  vicinity  of  the 
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Fig.  1.  Schemacic  illustration  of  the  dependences  of  the  shallow  S  (or 
Se)  level  (dashed)  and  the  deep  N  and  0  levels  (solid)  on  alloy  composition  x 
in  GaAs^.^P^,  after  Ref.  [7].  The  energies  of  the  band  edges  and  are 
also  shown.  The  zero  of  energy  is  the  valence  band  maximum  of  the  alloy. 


band  gap  of  a  zlnc>blande  semlconduccor  wa  should  find  one  s*llke 
(Aj^-synnetric)  deep  level  and  one  triply  degenerate  p-llke  (T2*eymmetric) 
level  for  each  impurity.  The  oxygen  and  nitrogen  levels  of  Fig.  1  are  the 
Aj^'symmetrie  deep  levels.  In  a  three-dimensional  material,  there  is  no 
guarantee  that  any  of  the  deep  levels  due  to  the  central-cell  potential  will 
lie  in  the  fundamental  band  gap,  and  so,  as  in  the  case  of  S  and  Se  in 
CaAs^,j^P^,  the  deep  levels  may  all  lie  outsida  of  the  band  gap  or  else,  as  in 
the  case  of  oxygen,  one  (or  more)  may  lie  within  the  gap.  (Fig,  2) 

The  character  of  an  impurity  as  "shallow"  or  "deep"  is  determined  by 
whether  one  or  more  deep  levels  lies  within  the  fundamental  'and  gap.  For 
example,  oxygen  in  GaP  is  a  deep  impurity  because  its  s-like  A^^  deep  level 
lies  in  the  band  gap,  and  is  occupied  by  one  electron  when  the  oxygen  is 
neutral  and  in  its  ground  state.  This  one-electron  level  can  hold  two 
electrons  of  opposite  spin,  but  when  oxygrtn  is  neutral,  it  holds  only  one, 
(the  extra  electron  due  to  the  valence  difference  between  0  and  P) .  In  the 
case  of  S  or  Se,  the  central -cell  potential  is  weaker  chan  that  of  0,  and  the 
corresponding  deep  level  is  degenerate  with  the  conduction  band  rather  than 
in  the  gap.  The  resonant  level  cannot  bind  the  extra  electron,  which  spills 
out  and  decays  Co  the  conduction  band  edge  (via  Che  electron-phonon 
interaction):  once  at  Che  conduction  band  minimum,  the  electron  is  trapped  by 
the  long-ranged  Coulomb  potential  in  a  shallow  impurity  level  --  and,  because 
Che  ground  state  of  the  S  or  Se  impurity  in  this  host  has  an  electron  in  the 
shallow  level,  the  S  or  Se  impurity  is  termed  a  shallow  impurity. 

DEEP -SHALLOW  TRANSITIONS 

It  is  possible  to  change  the  character  of  an  impurity  from  deep  to 
shallow  by  perturbing  the  host  until  a  deep  level  passes  from  the  band  gap 
into  the  host  bands.  Scraightforoard  ways  to  achieve  such  a  change  are  to 
apply  pressure  or  to  vary  the  alloy  composition  of  the  host.  N  changes  its 
character  in  GaAsi.^P^  as  a  function  of  alloy  composition  x:  it  yields  a  deep 
level  in  Che  gap  for  x>0.2  and  so  is  a  deep  impurity  for  such  alloy 
compositions,  but  for  x<0.2,  neutral  N  is  neither  a  shallow  impurity  (because 
it  has  no  long-ranged  Coulomb  potential)  nor  a  deep  impurity  (because  its 
deep  levels  are  in  Che  conduction  band),  and  so  we  term  it  an  "inert 
impurity."  Thus,  in  GaAs^,jjP„  for  x«0.22,  N  undergoes  a  "deep-inert 
transition."  See  Fig.  1.  A  classic  example  of  a  similar  "deep-shallow 
transition"  is  Si  on  a  cation  site  in  Ai^Gaj^.^As,  which  has  a  deep- level 
behavipr  similar  to  that  of  N  in  GaAs .  (See  Fig.  3.)  As  a  result, 
neutral  Si  is  a  deep  impurity,  with  one  electron  occupying  its  Aj^-symmetric 
deep  level  for  X20.3,  but  is  a  shallow  impurity  for  x<0.2  because  Che  deep 
level  is  resonant  with  the  conduction  band  and  the  electron  is  autoionized, 
falls  to  Che  conduction  band  edge,  and  is  crapped  by  the  Coulomb  potential  of 
the  defect.  This  Si  defect  is  thought  to  be  the  DX  center  [9-11],  or  at  least 
a  component  of  it  [11,12].  It  is  noteworthy  chat  when  cation-site  Si  is  a 
shallow  impurity  (l.e.,  its  deep  levels  are  resonant  with  Che  conduction 
band),  it  dopes  the  material  n-type.  But  when  it  is  a  deep  impurity  (with  its 
A]^  level  in  the  gap)  the  neutral  impurity  can  crap  either  an  electron  or  a 
hole  in  this  level,  and  so  tends  to  make  the  material  semi-insulating. 

DEEP- SHALLOW  TRANSITIONS  IN  SUPERLATTICES 

Deep-shallow  transitions  occur  in  random  alloys  such  as  Ai^Ga^.j^As 
because  Che  deep  levels  ace  much  less  sensitive  to  changes  of  alloy 
composition  x  than  the  band  edges.  Only  slightly  overstating  the  point,  we 
may  say  that  Che  deep  levels  are  almost  constant  in  absolute  energy,  and  chat 
varying  x  can  cause  the  conduction  or  valence  band  edge  to  move  through  the 
deep  level.  Since  deep  levels  are  normally  only  observed  when  they  lie  within 
the  fun',  .mental  band  gap,  varying  alloy  composition  changes  the  •  indow  of 
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Fig.  2.  Illuscratior.  of  che  difference  between  a  shallow  impurity  such 
'<s  S  on  a  P  site  in  GaP  and  a  deep  Impurity  such  as  0.  Shallow  levels  are 
dashed  and  deep  levels  are  solid.  If  the  deep  levels  lie  outside  of  the  band 
gap,  che  extra  electron  occupies  the  lowest  shallow  level  at  zero  temperature 
and  che  impurity  is  a  shallow  donor. 


GaAs  Composition  x  AlAs 

Fig.  3.  Chemical  trends  with  alloy  composition  x  in  che  energies  (in  eV) 
of  principal  band  gaps  at  F,  L,  and  X,  with  respect  to  the  valence  band 
maximum  of  che  alloy,  in  the  alloy  As,  as  deduced  from  the  Vogl  model 
[15].  Also  shown  is  the  predicted  energy  of  the  A^-s>'Tnmetric  cation*sice  deep 
level  of  Si  (heavy  line),  similar  to  the  predictions  of  Hjalmarson  (11).  The 
Vogl  model  is  known  to  obtain  very  little  band  bending.  Moreover  the  L 
minimum  for  x«0,45  is  known  to  be  at  a  bit  too  low  an  energy  in  this  model. 
When  the  deep  level  of  neutral  Si  lies  below  the  conduction  band  minimum,  it 
is  occupied  by  one  electron  (solid  circle)  and  one  hole  (open  triangle).  When 
this  level  is  resonant  with  che  conduction  band,  che  electron  spills  out  and 
falls  (wavy  line)  to  the  conduction  band  minimum,  where  it  is  Crapped  (at 
zero  temperature)  in  a  shallow  donor  level  (not  shown). 
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obfrvblllty  of  daop  lavela,  nanaly  tha  band  gap.  Thus  salaccing  cha  alloy 
eonposition  so  that  a  glvan  inpurity  producas  a  shallow  leval  rathar  than  a 
daap  ona  is  a  form  of  "bund-gap  anginaaring. " 

Similar  band-gap  anginaaring  can  ba  achiavad  by  altering  the  atomic 
ordering  in  the  semiconductor  by,  for  example,  making  the  host  a  superlattice 
rathar  than  a  random  alloy.  For  example.  Si  on  a  Ga  sice  in  the  center  of  a 
GaAs  quantum  well  in  a  N^yN2  CaAs/Aij^Gai  .^^As  suparlattlce  can  be  made  to 
undergo  a  shallow-deep  transition  by  reducing  the  thickness  of  the  quantum 
well  until  the  conduction  band  maximum  of  the  supcrlattica  passes  above  the 
Si  deep  level  (See  Fig.  4,).  The  dependence  on  alloy  composition  of  a  Ga-sice 
deep  level  in  a  2x2  GaAs/Ai^Ga^.^As  superlattice  is  given  in  Fig.  S,  and 
shows  that  even  near  the  center  of  a  GaAs  layer  Si  can  become  a  deep  crap  if 
Che  layer  is  sufficiently  thin  or  two-dimensional. 

Fig.  6  shows  the  predictions  for  the  cation-site  deep  level  in  bulk 
GaAs,  in  a  3x10  GaAs/Ai^  ^GaQ  ^As  superlattice,  and  in  bulk  A/q  yCaQ  3AS  for 
Si  at  various  sites  in' the  superlattice.  In  this  superlattice ’ the  deep 
level  lies  in  the  gap  and  Si  is  therefore  'a  deep  impurity.  In  N^xNo 
superlattices  such  that  the  GaAs  layers  are  not  very  thin,  N]^>6,  the 
superlattice  conduction  band  edge  approaches  Che  bulk  GaAs  conduction  band 
edge,  and  therefore  the  conduction  band  of  the  superlattice  covers  up  the  Si 
deep  level,  making  Si  on  a  Ga  site  a  shallow  donor  in  the  superlattice. 

T2  LEVELS 

The  examples  we  have  given  thus  far  all  consider  only  Aj^- symmetric  bulk 
deep  levels.  The  T2  bulk  levels  are  split  in  a  (001)  superlattice  into  a^, 
bj^,  and  b2  levels,  as  illustrated  in  Fig.  7  for  the  As  vacancy.  The  valence 
band  maximum  is  also  split  into  a  (p„±Py)-like  (or  bj^-  or  b2-like)  maximum 
and  a  p^-like  (or  aj^-like)  edge  slightly  below  it.  For  sices  near  the  /9-0 
interface,  the  b^^  deep  levels  have  orbitals  and  energies  similar  to  the  T2 
levels  of  bulk  GaAs  and  the  b2  levels  are  AijjGaj^.j^As-like .  The  splittings  are 
small  even  for  impurities  at  the  interface,  of  order  0.1  eV,  and  decrease 
rapidly  as  the  impurity  moves  from  the  interface.  They  are  non- zero  even  near 
the  center  of  the  layers,  however,  because  the  valence  band  maximum  is  split, 
and  so  the  spectral  densities  employed  in  solving  Eq.  (2)  below  are  also 
split. 

Three  factors  influence  the  positions  of  deep  ’evels  in  the  superlattice 
layers:  (i)  the  band  offset,  which  tends  to  move  the  levels  down  in 
Ai^Gaj^.jjAs  relative  to  in  GaAs,  (ii)  quantum  confinement,  which  tends  to 
cause  levels  in  GaAs  and  the  p_-like  a^  levels  in  particular  to  be  farther 
from  the  center  of  the  gap,  and  (iii)  the  relative  electropositivity  of  Ai 
with  respect  to  Ga,  which  tends  to  move  energy  levels  up  when  the  associated 
wavefunctions  overlap  an  Ai-rich  layer.  To  determine  the  balavice  among  these 
competing  effects,  a  calculation  is  required. 

FORMALISM 

Our  basic  approach  to  the  problem  of  deep  levels  in  superlattices  is 
based  on  the  theory  of  Hjalmarson  et  al.  (3].  This  theory  is  relatively  easy 
to  implement  and  learn,  and  has  been  summarized  in  accessible  lecture  notes 
[13]  for  deep  levels  in  the  bulk.  Nelson  et  al.  [14]  have  provided  an 
alternative  approach  to  deep  levels  in  superlattices  which  is  especially 
well-suited  to  small-period  superlattices. 

The  deep  level  energies  E  in  a  superlattice  can  be  computed  similarly  by 
solving  the  one-electron  Schrodlnger  equation,  using  the  O.een's  function 
method  to  take  advantage  of  the  localized  nature  of  the  central -cell  defect 
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Fig.  A.  SchemaClc  illuscratlon  of  the  quanf.i.D-well  confinement  effect  on 
the  band  gap  E  (SL)  of  a  N^xN2  GoAs/Mq  yCaQ  ^As  supeclattlce ,  after  Ref. 
[12];  (a)  and  (b)  N^-2,  N2“34.  The  band  edges  of  the  superlattice 
are  denoted  by  chained  lines.  For  this  alloy  composition  the  superlattice  gap 
is  indirect  for  case  (b),  with  the  conduction  band  edge  at 
ic-(2r/aL) ( 1/2 , 1/2 , 0) .  Note  the  broken  energy  scale.  The  zero  of  energy  is  the 
valence  band  maximum  of  GaAs. 


GaAs  Composition  x  (GoAsl^iAIAsl^ 

Fig.  5.  Predicted  chemical  trends  with  alloy  composition  x  in  the 
energies  (in  eV)  of  principal  band  gaps  and  the  Si  A^-symmetrlc  deep  level  in 
a  (C.iAs)2(AijjGaj^.jjAs)2  superlattice.  Compare  with  Fig.  3  for  the  alloy.  The 
superlattice  wavevectors  of  the  gaps  are  C-5,  lc-(2n'/a^)  (1/2, 1/2,0) ,  which  has 
states  derived  from  the  L  point  of  the  bulk  Brillouln  zone,  and  the  points 
derived  from  the  bulk  X-point:  (2)r/a, ) (0,0, [N^+No] ■^) ,  (where  Nn-N5-2) ,  and 

(2jr/aL)(l,0,0), 
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Fig.  6.  Predicted  Aj^-derived  deep  le  vels  of  Si  in  CaAs ,  in  a  3xlU 
GaAs/AiQ  ^CaQ  superlattice  (as  a  function  of  the  position  of  the  Si  in 
the  superlattice),  and  in  bulk  AiQ  7^*0  3^^'  (which  are  As  sites) 
correspond  to  ^  -  0,  6,  and  26.  Note  that  in  bulk  CaAs  Si  is  a  shallow  donor, 
but  that  in  this  superlattice  and  in  bulk  AiQ  ^Ga^  ^As  it  is  predicted  to  be 
a  deep  impurity. 
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Fig.  7.  Predicted  energy  levels  of  an  As*vacancy  in  bulk  GaAs,  in  a 
(CaAs)2^Q(AiQ  yCaQ  3As)2^q  superlattice  (as  a  function  of  the  position  of 
the  vacancy:  even  values  of  0  correspond  to  As*sites),  and  in  bulk 
AiQ  7GaQ  lAs,  after  Ref.  (12).  Note  the  splitting  of  the  T2  levels  at  and 
near  the ' interfaces  which  correspond  to  ^  -  0,  20,  and  AO.  The  electron 
(hole)  occupancies  of  the  deep  levels  in  bulk  GaAs  and  bulk  AiQ  ^Gbq  3AS  are 
denoted  by  solid  circles  (open  triangles). 
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poctncial  oparacor  V; 


dec  ll-C(E)V)  -  0  -  dec  (I  -  P/[i(E'-H)  V/(E-E')1  dE'>- 


(2) 


Hera  we  have  C(E}  (E-H)*^,  where  H  Ls  Che  hoac  HamilconLan  oparacor,  P 
donocea  Che  principal  value  Incegral  over  all  energies,  and  5(x)  is  Dirac's 
deles  funcclon.  For  sinplicicy  of  presencaclon,  we  consider  a  periodic  N]^xN2 
GaAs/Ai^Ga^.^As  superlaccice  grown  in  cha  (001)  direccion.  This  superlaccice 
has  cwo*acom  Chick  layers  of  GaAs  and  cwo-acom  Chick  layers  of 
A,(j^Ga]^,^As  scacked  alcernacaly  in  a  periodic  sCrucCura.  Ve  assume  chac  che 
layers  are  perfeccly  laccica-macched.  We  describe  che  superlaccice 
Hamilconian  in  cerms  of  an  a*sp^  basis  similar  co  chaC  of  Vogl  ec  al.  [IS). 
Our  Hamilconian  is  a  nearesc-neighbor  cighc-binding  model,  and,  in  che  limic 
of  X  -  0,  is  idencical  co  che  Vogl  model  for  GaAs,  We  creac  Che  superlaccice 
using  a  superhelix  or  supercell  mechod:  (for  che  case  x  -  1)  a  superhelix  or 
supercell  is  a  Helical  scring  wich  axis  aligned  along  che  (001) >  or 
Z'direccion  consisClng  of  -t-  2N2  adjacencly  bonded  acorns  As,  Ga,  As,  Ga, 
As,  ...  Ga,  As,  Ai,  As,  AJ ,  As,  Ai,  ...  As,  Ai.  (For  x  H  1,  replace  Ai  by  che 
vlrcual  cacion  )  The  cenCer  of  Chis  helix  is  ac  L  and  each  of  che 

acorns  of  Che  helix  is  aC  posiclon  L  +  v^  (for  /J-0,  1,  2 . 2N^+2N2-1).  The 

superlaccice  is  a  sCack  of  superslabs.  A  superslab  of  CaAs/Ai„Ga]^.^As 
consisCs  of  all  such  helices  wich  che  same  value  of  and  all  possible 
differenC  values  of  Ljj  and  ly.  The  origin  of  coordinaces  is  caken  Co  be  ac  an 
As  acom  and  a  neighboring  cacion  is  ac  (1/4, 1/4,  l/Ma^,  where  is  che  ^ 
laCCice  conscanc.  AC  each  sice  chere  are  five  s*sp^  basis  orbicals  |n,L,v^), 
where  n  -  s*,  s,  p^,  Py,  or  p^  and  che  sice  is  specified  by 

-  0,1,2, ... ,2Nj^+2N2-1.  From^chese  basis  orbicals  we  form  Che  sp^  hybrid 
orbicals  ac  each  sice  R  •  (t,v^).  The  hybrid  orbicals  are 

Ih^.R)  -  (|s.R)  +  A|p^,R)  +  AlPy.R)  +  A|p2.R)]/2 

|h2.R)  -  (|s,R)  +  Alp^.R)  -  .'.IPy.R)  •  \\p^,R)]/2 

Ihj.R)  -  (|s.R)  -  Alp^.R)  +  A|py,R)  •  A1p2,R)!/2 

and 


|h^,R)  -  (|s.R) 


AIPjj.R) 


AlPy.R)  +  A|p^.R)]/2 


(3) 


where  we  have  A  -  +1  (-1)  for  acorns  ac  anion  (caCion)  siCes.  Incroducing  che 
label  1/  -  s*.  hi,  h2,  hj ,  or  h^,  our  hybrid  basis  orbicals  are  |i/,R),  and  che 
celaCed  Cighc-bInding  orbicals  [16]  are 


(ik-L+ik-v^)  |i/,L.v^) 


(4) 


where  1c  is  (in  a  reduced  zone  scheme)  any  wavevecCor  of  che  mini -zone  or  (in 
an  excended  zr.ne  scheme)  any  waveveccor  of  che  zinc-blende  Brillouin  zone. 
Here  Hg  is  Che  number  of  supercells. 

The  mini -zone  waveveccor  Ic  is  a  good  quancum  number.  EvaluaCion  of  che 
macrix  elemencs  (w,/9,1c|H|i/' ,)9' ,1c)  leads  Co  a  cighc-binding  Hamilconian  of  che 
block  Cridiagonal  form.  For  example,  che  diagonal  (in  0)  5x5  macrix,  H(^,^) 
ac  sice  0,  is 
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h<4,^)-(»/.4.E|H|i/'  ,fiS) 


0 


T 

T 


0 

T 


0 

T 

T 


wh«r«  wa  hava  tha  hybrid  anargy 
*h  “  ^*1 


(5) 


(6) 


and  tha  hybrid-hybrid  interaction 
T  -  • 


(7) 


The  energies  and  T  in  Hifi.fi)  re^er  to  the  atom  at  the  ^-th  site,  and 
are  obtained  from  the  energies  w  tabulated  by  Vogl  et  al.  [IS].  To  account 
for  the  observed  [17]  valence  band  edge  discontinuity  of  32%  of  the  direct 
band  gap  [18],  a  constant  is  added  to  and  for  Ai^Caj^.^As;  this 
constant  is  adjusted  to  give  the  valence  band  maximuni  of  Ai^Gai .^As  below  the 
valence  band  maximun  of  CaAs  by  32%  of  the  direct  band  gap  difference  in  the 
limit  Nj^-N2  -•  •. 


Expressions  for  the  remaining,  off-diagonal  matrix  elements 
(»/,;9,k|H|i/' ,k)  or  H()9,^')  are  given  in  Ref.  [12].  The  Hamiltonian  matrix 
has  dimension  S(2Ni-«-2N2)  for  each  Ic.  Ue  diagonalize  this  Hamiltonian 
numerically  for  each  (special-point)  kj^  finding  its  eigenvalues  E  ^  and  the 
projections  of  the  eigenvectors  |7,ic>  on  the  |i/,^,ic)  hybrid  basis: 
(i/,/9j_Icl7,ic>.  Here  7  is  the  band  index  (and  ranges  from  1  to  200  for  Nj^-N2“10) 
and  m  lies  within  the  mini-Brillouin  zone  in  a  reduced  zone  scheme.  Ulth 
these  quantitites,  we  can  evaluate  Eq.  (2)  for  the  HJalmarson  model  of  the 
defect  potential  matrix  V  [3]:  the  matrix  is  zero  except  at  the  defect  site 
and  diagonal  on  that  site,  (0,  ,  V  ,  Vp,  Vp) ,  in  the  Vogl  s*sp  local  basis 
centered  on  each  atom.  The  point-group  for  a^general  substitutional  defect  in 
a  GaAt/AijjGaj^.jjAs  (001)  superlattice  is  C2v.  provided  the  Ai^^Ga^^.^As  is 
treated  in  a  virtual  crystal  approximation.  In  the  GaAs/Aij^Gaj^.j^As 
super  lattice  the  Aj^  and  T2  deep  levels  of  the  bulk  GaAs  or  Ai^Ga]^..^A.«!  produce 
two  a^  levels  (one  s-like,  derived  from  the  Aj^  level  and  one  T2-derived 
Pjj'like),  one  bi  level  [  (p^^+p  ) -like  ] ,  and  one  b2  level  [  (p^^-p  ) -like] .  Of 
course,  for  impurities  far  from  a  GaAs/kl^Ga-^^^As  interface,  the''  s-like  a^ 
level  will  have  an  energy  very  close  to  the  energy  of  a  bulk  A^  level,  and 
p  -like  aj^  level  and  the  bj^  and  b2  levels  will  lie  close  to  the  bulk  T2  level 
also . 


The  secular  equation 
three  equations: 

G(bi:E)  -  Vp-1  for 
G(b2:E)  -  Vp'^  for 

and 


Eq.  (2),  is  reduced  by 
bj^  levels, 
b2  levels. 


symmetry  to  the  followinr 

(8; 

(9) 


det 


G(s,s:E)  Vg  -  1 
G(z,s;E)  Vg 


G(s,z:E)  Vp 
G(z,z;E)  Vp  -  1 


0, 


(10) 
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for  lovola,  whora  wa  hava 

C(b^:E)-E^  I  (hi,4,I<|7,Ic>-<h4,^.Ic|7,It>|^/2(E-E^  jj) , 

C(b2:E)-E^  l(h2.^,l«|7.1c>-(h3.4.Ic|7,It>|2/2(E.E^  jj), 


<U) 


(12) 


C(a.a:E)  - 

^7,U  I  (hi.4il«|7.1«>+<h2.^.l«|7.it>+(h3,4,Ic|7.C>+(h4,^,Ic|7,lc>|^/4<E-E^  ;*) , 

(13) 


G(z,z:E)  - 

^7.1?  V4(E-E7,U). 

(1^) 


and 


G(s,z;E)-2^  ( (hj_,)9,1«|7,k>»-(h2,4,ic|7.>t>+(h3,^,ic|7,lc>+(h4,^,ic|7,lt>] 

X  ((hi,^,lc|7.1b-(h2,4.C|7.^J>-(h3.^.C|7.IJ>+(h4,^,ic|7,iJ>]*/[4(E-E^  ^j)] 

(15) 

Here  G(z,s;E)  is  the  Hermltlan  conjugate  of  G(s,z;E)  and  $  is  the  site  of  the 
defect  in  the  superlattice. 

For  each  site  p  the  relevant  host  Green’s  functions,  Eqs.  (11)  to  (15), 
are  evaluated  using  the  special  points  method  [19],  and  the  secular  equations 
(8)  to  (10)  are  solved,  yielding  B(b2^;V  ),  E(b2:V  ),  and  two  values  of 
E(aj^;Vj,V  ),  The  defect  potential  matrix  elements  V  and  V  are  obtained 
using  a  slight  modification  of  HJalmarson's  approach  [20].  For  N3-N2”10, 
there  are  40  possible  sites  /3,  each  with  four  relevant  deep  levels:  two  ij^, 
one  b]^,  and  one  b2;  thus  there  are  160  levels. 

SUMMARY 

With  Che  basic  approach  outlined  here,  one  can  compute  the  deep  levels 
associated  with  substitutional  impurities  in  lattice-matched  superlactices 
and  predict  the  conditions  under  which  deep-shallow  and  deep-inert 
transitions  are  to  be  expected. 
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Electronic  structure  and  deep  impurity  ieveis  in  [111]  GaAs/AI^^Gai-xAs 
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A  theory  of  the  electronic  structures  of  periodic  A',  X  A'.  GaAs/Al,  Ga,  _  As  superiattices 
grown  along  the  [  1 1 1  ]  direction  is  presented.  Deep  levels  associated  with  s-  and  p-bonded 
substitutional  impurities  in  these  superiattices  are  also  predicted.  It  is  found  that:  (i)  in 
contrast  with  (001  ]  superiattices,  [111]  superiattices  are  almost  always  direct  band-gap 
superiattices.  (ii)  The  [111]  superiattices  exhibit  weaker  quantum-well  confinement  tiu:  the 
corresponding  [001  ]  superiattices.  (iii)  As  the  thickness,  /(GaAs),  of  each  GaAs  layer  is 
reduced  below  a  critical  value  (/,  a*  13  A  or  A',  =  4  for  x  =  0.7),  common  shallow  .donor 
impuritic'S  such  as  Si  cease  donating  electrons  to  the  conduction  band  and  instead  become  deep 
traps.  For  [111]  superiattices  /,  is  smaller  than  the  corresponding  for  [001 ;  -iiiperiiiitices. 

'  The  fundamental  band  gap  and  the  band  edges  of  the  superlatticc,  and  hence  the  ionization 
energies  of  deep  levels,  depend  strongly  on  the  layer  thickness  t(GaAs)  but  only  weakij.  t>n 
t(  Al^Ga,  _  .,.As).  The  T,-  and  .r4, -derived  deep  levels  (of  the  bulk  point  group  )  are  rp  •« 
and  shifted,  respectively,  near  a  GaAs/Al«Ga,  _  ,As  interface:  thep-like  T-  level  split.s  into  an 
a,  ( p„-likc)  level  and  a  doubly  degenerate  c  ( p,,-like)  level  of  the  point  g-oup  for  an;,  ccneral 
superlattice  site  (C.^),  whereas  thes-iikey4,  bulk  level  becomes  an  n,  (r-like)  level  of  C’,,..  The 
order  of  magnitude  of  the  shifts  and  splittings  of  deep  levels  at  a  Ga.As/Al .  Ga,  _  As  inter*,  ce 
is  less  than  0.1  eV,  depends  on  x,  and  becomes  very  sma!!  for  impurities  more  than  a  3  aionv.c 
planes  away  from  an  interface.  These  predictions  are  based  on  a  periodic  superslab  calculation 
for  Unit  superslabs  with  total  thickne;.:.  /(Ga.As)  -r  /'..Al,Ga,  _;,.A.s)  as  large  as  65.3  A  cr 
A'l  -f  Aj  =  20  two-atom-thick  layers.  Tiie  H::miItonian  is  a  tight-binding  model  in  a  hybrid 
basis  that  is  a  generalization  of  the  Vogl  model  and  properly  accounts  for  the  nature  of 
interfaci  tl  bonds.  The  deep  levels  are  computed  using  the  Hialmarson  et  al.  theory  [Phys.  Rev. 

Lett.  44,  810  ( 1980)  ]  and  t.ne  special  points  method. 


I.  INTRODUCTION 

The  theoretical  and  e.xperimental  study  of  semiconduc¬ 
tor  superiattices  has  become  a  verj-  important  area  of  basic 
semiconductor  physics,  device  physics,  and  materials 
science.  GaAs/.M,Ga,  _,As  superiattices,'"  which  are 
commonly  grown  in  the  [001  ]  direction,  are  the  ones  that 
have  been  most  thoroughly  studied  and  understood.  Impuri¬ 
ties  play  a  ver>'  important  role  in  determining  the  physical 
properties  of  semiconducor.;.'  Recently  we  published  a 
theoretical  study  of  the  electronic  structures  and  substitu¬ 
tional  deep  impurities  in  such  superiattices,'*’*  which,  w’e  be¬ 
lieve.  is  I  he  first  systematic  theoretical  study  of  deep  levels  in 
superiattices.  In  the  last  few  years,  people  have  begun  to 
investic.ite  superiattices  grown  in  the  [111]  direction,  both 
experimentally''  "  and  theorctic.-illy."  ''  Here  wc  present  a  the¬ 
ory  of  :l:e  electronic  structures  of  Ga.As.''AI.,Ga,  _  ,  As  su- 
perlatiices  grown  in  the  [111]  direction.'"  and  we  predict 
the  energy  levels  of  substitutional  deep  impurities  in  these 
superlaf.ices.  Wc  compare  our  results  for  [111]  superlat- 
ticcs  with  those  for  corresponding  [001  ]  superiattices.'* 

II.  FORMALISM 

A.  Host  Hamiltonian 

We  treat  a  periodic  Ga.As/Al.Ga,  „  ,As  superlatticc 
whose  layers  arc  perpendicular  to  the  hulk  1 1 1 1  ]  direction. 

■'  I’lTotuiK'iil  addre**.'  IJfpariiiu-iil  of  l’li\Nies.  L'liivcrsi:)  »•)  SciciiCtf  and 
Tccitiiology  ofCliiM.'i.  Ilcl'ci.  Cliiiia, 


w’hich  we  define  as  the  direction  “3.”  TIjc  bulk  direction- 
[2.  -  1,  -  1)  and  [0.1,  -  1]  are  defined  as  the  direction.- 
"I"  and  “2."  We  employ  a  nearest -neighbor  tight-binding 
Hamiltonian  with  an  s*sp^  basis  of  five  orbitals  at  each  site. 
Our  Hamiltonian,  in  the  limit  of  x  =  0.  is  id'rnticiil  to  the 
Vogl  model  for  GaAs."  Some  difierenc-^i  are  introduced  be¬ 
cause  of  the  superlatticc,  which  wc  treat  usng  a  superhelix 
or  supercell  method.  The  superlattice  we  consider  has  .V, 
tw'o-atom-thick  layers  of  GaAs  and  .V;  f.vo-atom-ihick  i:.y- 
ers  of  Al,Ga,_j,As  repeated  periodically:  the  Ga.As  and 
Al,Ga,  _,.As  are  assumed  to  b-  pen'ec'iy  lattice 
matched.  We  denote  this  supe.-lattice  -.  ithcr  as  a 
(GaAs).s  (ALGa.  _,As).v,  supcrlnttiti  or  as  a 
GaAs/Al  Ga|  _j,As  superlatticc  with  GaA.s  layers  and 
A';  .M, G;.,  _j,A.s  layers,  or  as  an  A',  X.V;  Ga.As/ 
Al.,  Ga,  _  ,  .'.s  superlatticc. 

•  first  define  (for  the  case  x  =  I )  a  superhelix  or  su- 
perceli  as  a  helical  string  with  axis  aligned  along  the  [111 
directi'.i’’  •.•insisting  of  2.V,  -r  2.V;  adjace.T.ly  bonded  atonv- 

As.  Ga.  .As.  Ga.  As . Ga.  .As,  Al.  As.  Al.  As.  .Al....,  As,  .Al. 

(For  .v==  1.  replace  Al  by  .Al.Ga,  ^  ,.)  The  center  of  this 
heli.x  is  at  L  and  each  of  the  atoms  of  the  helix  is  at  position 

L  -r  V,,  ( for  =  0.  1 .  2 . 2.V|  2  A'.  1 , .  .A  xtipcrshth  of 

Ga.As/.Al,Ga. .  ,As  consists  of  ali  such  heiices  with  the 
same  value  of  L,  and  all  possible  difreicni  values  <!f  L,  and 
L<  and  the  superlatticc  is  a  stacked  .'irra;.' .  'f  these  supcrslabs. 
If  the  origin  ofcoordin.itcs  is  taken  tn  beat  an  .Astuom.  ti.c.v 
and  r  axes  are  oriented  such  tliat  a  tieighboring  cation  is  at 
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where  is  the  lattice  constant.’’  At  each  site 
there  arej*jp’ basis  orbitals  n.L,v,f),  where  «  =  s*,s,p^,p,.. 

or  P:  and  /?  =  0.  1,  2 . 2.V,  -i-  2.V;  -  1.  From  these  basis 

orbitals  we  form  the  sp'  hybrid  orbitals  at  each  site  R 
=  (L,Vfl). 

The  hybrid  orbitals  are 


where  /.  =  -r  1(  ”  1)  for  atoms  at  anion  (cation)  sites. 
Ne.xt  we  introduce  the  label  v  =  s*.  A,,  /t,,  /i„  or  h^,  and  our 
hybrid  basis  orbitals  are  ,  v.R).  In  terms  of  these  orbitals  we 
form  the  tight-binding  orbitals 

iv.y?.k)  =  iV,"  2,.  exp(/A*L  +  /Tov/jlIv.L.V/y),  (2) 


|/j„R)  =  [is.R)  -}-/1|/7,,R)  -f /t  !p,.R)  +/.\p.,R)]/2, 
|/t,,R)  =  (U.R)  f /I  jp^.R)  -  A  |;7,,.R^-/i  |/7.,R)]/2, 
|/;,,R)  =  (;s.R)  -  1  p„R)  -r  /I  I  a-.R)'--  I  a-.R)  ]  a 
and 

I/I4.R)  =  [M)  -/^Ia.R)  -f'/i  |A.R)]/2, 

(1) 


where  k  is  any  wave  vector  in  the  Brillouin  zone  in  the  super¬ 
lattices.  Here  N,  is  the  number  of  supercells. 

The  wave  vector  is  a  good  quantum  number,  and  so  the 
tight-binding  Hamiltonian  is  diagonal  in  k.  Evaluation  of  the 
matrix  elements  (v,/?,k|i/ |v',^',k)  leads  to  a  tight-binding 
Hamiltonian  of  the  block  tridiagonal  form.  For  different  [3 
and/?',  the  first  three  rows  of  block  matrices  are 


H{0,0)  H(0,\)  0 

//(0,1)'  //(1,1)  //(1.2) 

0  /f(l,2)»  Hil.l) 

The  last  row  of  blocks  is 


0  0 

//(2,3)  0 


_ I 

0  //(0,2A',  ^2A':- 1) 
....0  0 

...0  0. 


(3) 


H{0,2N^  -f  2A^,  -  1 ) »  0  0...0  H{ 2S\  +  2A’,  -  2,2iV,  2A',  -  1 )  ‘  H( 2A\  -f  .2A-;  -  1 ,2A',  -j-  2A':  -  1 ) . 


(4) 


Here  H{  /?,/?')  depends  on  k  and  is  given  in  terms  of  various 
5X5  matrices  for  different  v  and  v'. 

The  diagonal  (in/?)  5x5  matrix,  H (13,13)  at  site/?,  is 

//( /?,/?)  =  (v,/?,k|//|v',^,k) 


je,.  0  0  0  0  \ 

0  T  T  T 
=  0  T  T  T 

0  T  T  T 

\0  T  T  T  €,! 

where 

f/i  ==  +  3fp)/4 

is  the  hybrid  energy,  and 
r=(e,-ey,)/4 


(5) 


(6) 

(7) 


is  the  hybrid-hybrid  interaction;  the  energies  e,. ,  ,  and  Tin 
H(  [3,(3)  refer  to  the  atom  at  the^th  site,  and  may  be  ob¬ 
tained  from  the  energies  w  tabulated  by  Vogl,  Hjalmarson, 
and  Dow.  "To  account  for  the  observed  valence-band  edge 
discontinuity  of  32%  of  the  direct  band  gap,  a  constant  is 
added  toe,,  and.e,,  for.Al^Ga,  _^As:  this  constant  is  adjust¬ 
ed  to  g:\c  the  valence-band  maximum  of  Al.Gaj  _ ,  As  bt- 
low  the  valence-band  maximum  of  GaAs  by  32%  of  tile 
band-gap  difference  in  the  limit  A',  =  A\  -  « .  * 

The  off-diagonal  matrix  elements  ( y,  /?.k  //  ‘  v',  13  ',k )  6^ 
H([3,I3‘)  are  best  expressed  in  terms  of  matrix  elements  of 
H  between  j*,  s.  and  p  orbitals.  This  is  accomplished  by  the 
transformation 


(■.\(3M\H\y\f}\k) 

=  2„,. 'ov,:^)C(v’, /,':/?')(/, ,^.k  !f  n\/3\k).  (S) 
where  we  have  the  s*sp^  tight-binding  functions, 

j/i,  ,(?.k)  =  A',~  exp(/l<‘I.  -r  /"k-Vy,)  /;,L,V/,),  (0) 


1 - 

C(v,«:/?) 

/s*  s 

Px 

Py 

1  1  0 

0 

0 

0  \ 

A. 

0  1/2 

-f /./2 

+  a/2 

-f /./2 

iu 

0  1/2 

-f/./2 

-a/2 

-K/l 

f 

hi 

0  1/2 

-;./2 

-r  /.  /2‘ 

-a/2 

/I4 

^0  1/2 

-a/2 

-a/2 

-f  /.  /zj 

(10) 

where  /.  - 

-r  1  (  -  1 )  if  /?  refers  to  an  anion 

(cation). 

There  are  several  distinct  cases  for  which  the  off-diag- 
onal  (in^)  matrix  elements  (n,  /3.k\H  |/i',  /?',k)  are  nonzero 
(for/?  #/?’). 


/.  Intramaterial  matrix  elements 

If  /?  and  13'  both  refer  to  nearest-neighbor  sites  in  the 
same  ma'erial  (either  the  Ga.As  or  the  Al^Ga,_  ,As)  we 
have  (assuming  /?  and  /?'  are  in  material  number  1,  the 
GaAs),  for  e.xample. 

(/t./?.k!//|«'./?',k)  =  (il) 

if 13  refers  to  a  cation  and  (3 '  refers  to  an  anion.  //^ |„|  is  a  5  x  5 
matrix  whose  rows  and  columns  are  labeled  by  n,  which 
ranges  over  the  values  5*.  5,  and  p,.  Similarly  we  have 
matrix  elements  //„!,!,  and  "he.se  matrix  ele¬ 
ments  are 


/  ° 

0 

-c„r„ 

-  CoK,. 

-  C„Fo\ 

1  0 

C„K, 

-  Co  lx 

-Cal', 

-  C0F4 1 

C.,F, 

C„l', 

Co  I  s 

Qf'i 

CoF, 

c„r, 

c„ls 

C,.r, 

CoF,  J 

\C,.K, 

Co  lx 

Col- 

CoJ'\ 

Col:  / 

(12) 


and  the  5  X  5  matrices  C(  v,n;  (3)  .re 


Here  we  have  C„  =  g.t,  where  we  have 
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y,^y(x,);).  y,  =  y(sa.pc), 

y^  =  y{sc,pa),  y^  =  y{s*a,pc), 


4^0  =  exp((T<‘X„), 

and  x„  -  (a^/4)(  1,1,1 ),  with-a^  being  the  lattice  constant 
of  Ga.\s  or  AlAs.  Here  k  is  the  wave  vector.  In  addition,  we 
have 


F,  =  y(s.s),  F,  =  F(.x:,.v), 


0 
0 

=  i  -  y-(!!i  -Si-S.x) 

-  F,( 

\ 

We  also  have 


and 

F7  =  y(.s*c,pa), 

in  the  notation  of  Vo-’baiJ  co-workers,"  and 


0 

F,(i',  +  5i-i  gO 

-  yf(si  -si-Si) 

-  Fj(  -g, +S:-Sj) 

-  Fjl  -g,  -gi~gy) 


y-(8,  -gi-st) 
yAg.-gi-Si) 
F;(5,  +^;+^a) 
F,(-.?, -5:+g}) 
Fj( -gi  +g: -g<) 


K.(  -g,-i-g7-g>> 

K|(  -  Si  +S:-S..) 

+S:  4-S.i) 
y}(gi  -8z-Sy) 


yj  -Si-gz-i-Si)} 
yA  -  St  -6:+S.) 
F,(  -  Si  tS:  -  S') 
y^g,  -S:-Si) 
)':(Si  -^S:  +S>) 


(13) 


4g,  =  e.\p(/Tfx, ),  4g,  =  explflfx,), 
and 

4sj  =  e.\p(;l<*Xj). 

Here  we  have  x,  =  (aj_/4)(  1,  —  I,  —  1 ),  x,  =  (a^/‘l)(  —  1,1,  —  1),  and  Xj  =  (a^. /4)(  —  1,  —  1.1 ). 

All  ofthe  matrix  elements  Fare  those  tabulated  by  VogI  and  co-workers, "  for  material  number  Ifviz.,  Ga.\s).  Identical 
e.xpressions  exist  for  ^nd  with  Alj,Ga,  _,,As  matrix  elements.  [The  Al^Ga,  As  matrix  elements  are  obtained 
by  a  virtual-crystal  average  of  theWoglmatrix  elements  foi-AlAs  and  GaAs:  .v  times  the  corresponding  .Al.As  matrix  elements 
plus  ( 1  —  x)  times  the  GaAs  matrix  elements. ) 


Intermaterial  matrix  elements 

.At-th'i  interface  between  GaAs  and  .Al.,Ga,_  aA.S'thSfe  will.be  nonzero  matrix  elements  of  H  for  each  bond  between 
nearest  nei'ghbors;.These  are  /fajci  "^nd  /f^jai : 


'HuSel  — 


0 
0 

y^g,  -gz-g}) 


0 

y.ig, 

-gz-gy) 

Ki- 

gi  -i-gz-gy) 

yj- 

g,  - 

gz-rgy) 

y,(gi 

+  8z-i-g.%) 

y^g, 

-gz-gy) 

F.(- 

gl  +1;  -g\) 

yj  - 

g,- 

gz-^gy) 

-  y^igi 

-gz-g>) 

yzigt 

+  +  gy ) 

yy(- 

«i  -5:+5.») 

yy(- 

gi  4- 

gz  -gy) 

-Fj(- 

8i^gz-gy) 

yy(- 

gi-gz-i-gy) 

yz(g, 

+  gz-rgy) 

yy(g, 

-gz- 

-gx) 

-F,(- 

gt  -gz-rgy) 

yy(- 

g,+gz-gy) 

yy(g, 

-gz-gy) 

f'ziSi 

■rJz 

rgy)  J 

and 


= 


0  0  F^(C,-C;-C,) 

0  F,(C, -f  C;  +  C,)  F,(C,-  'C;-C,) 

-  F,(c, -c,-c,)  -  y,(Cy,~  a  -  Cy)  v,{c,  +  c,  +  Cy) 

i-  F,(  -  C,  -f  C:  -  C,)  -  yy{  -  C,  -r  C  -  C,)  F,(  -  C,  -  C,  Cy) 

F,(  -  C,  -  C  .■  Cy)  -  Fj(  _  C,  -  C;  -}■  CO  F,(  -  C,  -f  Cy  -  Cy) 


yd  -  c,  +  c,  -  CO 

F,(  —  C]  -}•  O;  —  Cy) 
F,(  ..  c,  -Cy  -r  CO 
F-CCi  +  C.i  +  Ci) 

F^IC.-C-C,) 


F,(  _  C,  -  C,  +  C,)> 
Fal  -  C,  -  C,  +  Cy) 
F,(  -  C,  4-  C,  -  CO 
)'  |(  C|  —  C;  —  Cy) 
F;(C,  -f  C;  T  CO 


(15) 


Here  the  Vogl  matrix  elements  are  those  for  the  bond  in 
question:  If  the  cation  is.AI,Ga,  _  ,  and  the  anion  is  .As.  then 
the  matrix  element  is  the  .Al,Ga,  _  ^.As  matrix  element  ob¬ 
tained  by  a  virtual-crystal  average  of  the  AlAs  and  GaAs 
values. 

After  the  tight-binding  Hamiltonian  is  given,  calcula¬ 
tion  of  the  electronic  structure  is  straightforw<;rd.  In  this 
work  we  study  electronic  structure  and  deep  impurty  levels 
in  superlattices  as  large  as  A',  Hh  A',  =  20;  that  is,  in  40- 
atoms-thick  superslabs.  The  dimension  of  the  Hamiltonian 
matrix  at  each  value  of  k  is  5(2.V,  -f  2.-V0i  because  there  are 
five  orbitals  per  site.  We  diagonalize  this  Hamiltonian  nu¬ 
merically  for  each  (special-point)  k  in  the  Brillouin  zone 
(Fig.  1).  finding  its  eigenvalues  at'd,  if  necessa.y,  the 
projections  of  the  eigenvectors  |y,k)  on  the  |v,^.k)  hybrid 
basis:  (v.^.klj'.k).  Here  y  is  the  band  index  (and  ranges 
from  1  to  200  for  A',  =  A\  =  10)  and  k  is  the  wave  vector:  it 
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FIG.  I.  The  Brillouin  zone  of  ( 1 1 1 1  Nupcrlaltictfi.  F  b  at  (0.0.0),  .1  i\  at 
(l.l.I)/(2A',  2.V;),  M  is  ai  (1,  -  2.1 1/3  or  equivalciii  points.  K  is  at 

(0.2.  -  2)/3  or  cquivaleiu  poims.  ali  ;re  in  uniis  of  (2.T/a,. ).  I’  .iso  noie 
for  a  GaAs/GaAs  or  Al.Oa,  .  ,As/.M,Ga,  ,As  [llll  superlaiiice.  *he 
superlattice  f  paint  might  correspond  to  'ho  hulk  T  point  and/or 
f.({  1.1.1 )  1  point'.‘‘thc  ordinary  bnik  Brillouin  zone,  and  the  superiattice 
M  point  might  coi.-cspoiid  to  the  .V  ps'iiit  and-' or  /.(( I.  -  1.  -  1). 
(  -  1.1,1)  or  (  -  1.  -  1.1)1  points  of  the  ordinary  hulk  Brillouin  zone. 
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can  be  within  the  mini-Brillouin  zone  in  a  reduced  zone 
scliemc  or  within  the  GaAs  Brillouin  zone  in  an  extended 
zone  scheme.  (We  assume  that  GaAs  and  AI^Ga,  _,Asare 
perfectly  lattice.matched.) 

B.  Deep  levels 

The  theory  of  deep  'eyels  is  based  on  the  Hjalmarson  et 
al.  Green’s  function  *  ,  ofy,'"*  which  solves  the  secular  equa¬ 
tion  for  the  deep  level  energy  E 

det{l  -(7(£)K]  =0 

=  det^l  -  p|  [6(E‘-H)^ 

{E-E‘)]dE'yy  (16) 

Here  I'is  the  defect  potential  matrix,''*  which  is  zero  except 
at  the  defect  site  and  diagonal  on  that  site, 
in  the  "Vogl  s*sp^  locaKbasis  centered  on  each  atom.  W-t  also 
have  (?=(£- where  N  is  the  host  tight-binding 
Hamiltonian  operator.  The  spectral  density  operator  is 
5[E‘  —  H)  and?  denotes  the  principal  value  integral  overall 
energies.  In  the  fundamental  band  gap  of  the  superlattice,  6 
is  real. 

1.  Point-group  analysis 

A  substitutional  point  defect  in  either  bulk  GaAs  or 
bulk  Al^Ga|_^As  has> tetrahedral  (Tj)  point-group  sym¬ 
metry  (assuming  a  virtual-crystal  approximation  for 
A!,,Ga|  _j,.*\s).  Each  such  s^'7''-bonded  defect  normally  has 
one  j-like  (d,)  and  one  triply  degenerate /t-like  (T,)  deep 
defect  level  near  the  fundamental  band  gap.  If  we  imagine 
breaking  the  symmetry  of  bulk  GaAs  by  making  it  into  a 


GaAs/GaAs  superlattice  along  the  ( 1 1 1  ]  direction,  we  re¬ 
duce  the  Tj  symmetry  to  Cj,..  In  the  GaAs/AI^  Ga,  _  ^  As 
superlattice  the  ,  and  TV  deep  levels  of  the  bulk  GaAs  or 
produce  two  a,  levels  (one  s-like,  derived 
from  the  <4,  level  and  one  r,-derived  /7„-like),  one  doubly 
degenerate  e  level  (;7„-Iike).  Of  course,  for  impurities  far 
from  a  Ga.As/AI^Ga,  _  ,As  interface,  the  j-likea,  level  will 
have  an  energy  very  close  to  the  energy  of  a  bulk  .-1 ,  level,  and 
thep<,-like  a,  level  and  thc/j,,-like  e  level  will  lie  close  to  the 
bulk  T"-  level  also.  But,  i^jT'j-derived  levels  lie  close  to  the 
valence-band  maximum,  then  the  splitting  of  the  valence- 
band  edge  ( into  a  doubly  degenerate -like  maximum  and  a 
p„  band  edge  at  slightly  lower  energy)  may  cause  the  a, 
component  deep  level  to  lie  lower  in  energy  than  the  c  levels 
by  an  energy  comparable  with  the  splitting  (see  Eq.  ( 16) ). 
Note  that  this  splitting  exists  even  for  defects  distant  from 
the  interface  and  is  a  consequence  of  the  different  host  spec¬ 
tral  densities  in  the  superlattice  foroa,  and  e^states. 


2.  Secular  equations 

The  secular  equation,  Eq.  (16),  is  reduced  by  the  Cj„ 
point-group  symmetry  to  the  following  two  equati^-ns: 

G{e\E)  —  V~'  fore.levels,  (17) 

and 


G{s,s-,E)V,-\  G(s,c;E)y^ 
G(cT,s;E)y.  G(a,<r,E)y^~l  ~ 
for  a,  levels,  where  we  have 
G(e;£)  =2,.J(/N,/?,k|r,k) 

-(/i3.^,k|r,k)|-72(£: -£,,,), 


(18) 


(19) 


and 


G(j,s;£)  _  2,,,J(A„/?,k|y,k)  +  (/t:,/7,k|y,k)  +  (/ij,/?,k|)',k)  +  (/:j,/?,k|y,k)|V4(£-£,.  j, 
G(a-,cr;£)  =  2:,,J3(/i„/7,k|j',k)  -  (/i:,^,ki)',k)  -  (A„Ak|r,k)  -  (/t4,/?.k|j'.k)|-/12(£-  £,.„ ), 


(20) 

(21) 


G{s,or;E)  -  IC,..J(/;|,/7,k|j',k)  +  (Iu,PM\r.k)  +  (/tj,)?,k|)',k)  -f  (A4,/9,kly,k)] 

X(3(/,,.^,k;r.k)  -  (/i,,/7,k(r,k)  -  (/t.„/7,k|r,k>  -  (A4./?.k|y.k)]V[4s/3(£-£,.,)]. 


(22) 


Here  G(a,S[E)  is  the  Hermitian  conjugate  of  (7(j,cr:£)  and/? 
is  the  site  of  the  defect  in  the  superlattice. 

For  each  /?  the  relevant  host  Green’s  functions,  Eqs. 
(l9)-(22),  arc  evaluated,  and  the  secular  equations  (17) 
and  (IS)  are  solved,  yielding  £(c;F^, )  and  two  values  of 
The  defect  potential  matrix  elements  K,  and 
Vf,  are  obtained  as  in  Psef.  4.  For  A’,  =  A',  =  10.  there  arc  40 
po.ssible  sites/?,  each  with  four  relevant  deep  levels;  two  </, 
and  one  doubly  degenerate  e;  thus  there  arc  160  levels. 

For  our  studies  of  deep  levels  in  the  band  gaps  of 
superlattices,  we  consider  only  .superlatticcs  such  that 
(A'l  -f  /V;)/4  is  an  integer.  In  such  cases  the  sums  over  k  in 
Ec'  (9)-(22)  can  be  performed  using  ten  special  points.*' 
These  i  en  supe.-i.itiice  special  points  are  suHicient.to  give  the 
Green  s  function  at  any  site  in  the  superlattice  with  the  same 


I - — - 

accuracy  as  Chadi  s  and  Cohen’s"’  ten  'oulk  special  points 
would  give  for  bulk  GaAs  or  AlAs.  i.e.,  GaAs/GaAs  or 
AlAs/  AlAs  superlattices.  This  level  of  accuracy  is  known  to 
be  adequate  for  bulk  Green’s  function  calculations. 

III.  RESULTS 

A.  Superlattice  band  structures 

We  first  ealculat;  the  band  structures  of  super!..tt';es 
for  A’,  -f  =  20  at  points  of  high  symmetry  in  the  first 
Brillouin  zone  of  the  superl.iuice  (Fig.  1 ).  Our  calculatic'ns 
produce  E..^,  the  superlattice  bands,  as  functions  of  .Y,,  the 
thickness  of  Ga.As  layers  (Fig.  2).  As  the  thickness  of  the 
GaAs  slab,  /(Ga.As;  =  A',<7,/\''3  (where  c,  =  5.653  A'*  is 
the  lattice  constant  of  GaAs).  -.ir  the  number  of  GaAs  layers 
A'l  becomes  small  in  conipari.son  svith  the  thickne.s.s. 
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FIG.  2.  I’rodicicd  energies  (in  eV)  of  the  superbiliee  euiiduction-b.'ind 
minima  and  vulenee-b.ind  inaMiiiuiinvilh  respect  to  the  valence-band  ma.\i- 
mumo/bH/*<7u/l\lora  1 1 1 1 1  OaAs/Al.Ga, .  ,. As superlattice  vs  reduced 
layer  thicknesses  .V,  .aid  .V;  for  various  .V,  a.V.  ( 1 1 1 )  GaAs/.Al.Ga,  ,.As 
buperlatticcs.  with  .v  =  0."  .ind  .V,  -F  .V;  li,\ed  to  be  20.  Tlie  caieiilatioiis  are 
based  on  the  low.teinperatiire  baiid-struetures  of  G.i.As  and  Al„rGa.  ,As. 
wilhbulkbandeapsof  l..'5and2.22eV  respectively.  The  conduction-band 
eigenvaluesat  P.  I.  M{L  ' .  and  K\H)  of  the  superlattices  are  shown  assoltd 
circles,  open  circles,  .solid  triangles,  and  solid  squares.  The  superlattice  va- 
lence-band  ma.\inium  is  at  k  =  0.  Note  the  broken  scale  on  the  ordinate. 
The  conduction-band  minimum  and  the  valence-band  ma.simum  of  the 
1 00 1 1  superlattiecscaleuljted  in  Ref.  a  are  also  shown  here  as  d.ished  lines 
for  comparison.  The  positions  of  the  .  and  e.strema  of  bulk  GaAs  at  P.  L, 
and  .V  are  shown  on  the  right  of  the  figure,  at  A',  =s  20. 


/(Al.jGa,  _,,.As)  =  .‘Vjdj/v/o,  or  number  of  layers  .V;  of 
Al.,  Ga,  _ As  slabs,  the  small  band-gap  GaAs  layers  become 
quantum  wells  surrounded  by  large  band-gap  Al,  Ga,  _ ,  As. 
As  a  result,  the  band  gap  of  the  superlattice  increases  from 
the  GaAs  band  gap  toward  the  Al.,  Gai  _  ^  .As  band  gap  as  rV, 
decreases  (for  tV-  large).  This  behavior  for  ( 1 1 1  j  superlat¬ 
tices  is  similar  to  that  found  for  (001)  superlattices.''  The  top 
of  the  valence  band  is  at  the  Brillouin-zone  center,  as  found 
for  [001)  .superlattices.  We  find  the  band  gaps  of  rV,x.V: 
(111)  GaAs/Al ,  Ga,  _ As  superiattices  to  be  direct  for  al¬ 
most  all  the  cases  we  calculated  ( i.e.,  both  the  superiattices’ 
valence-band  ma.sima  and  conduction-band  minima  are  at  f 
for  different  A',.  .-V,,  and.v).  svhich  was  not  generally  the  case 
for  (001 1  superiattices.  (Wo  did  find  one  e.xtreme  case 
namely  a  1 X  1 1  GaAs/.Al.As  superlattice.  in  which  the  gap 
was  indirect  by  ~.0.06eV.)  This  could  turn  out  to  be  a  tech¬ 
nologically  important  property  of  these  superiattices.  be¬ 
cause  (i)  it  means  that  (111)  superiattices  can  be  used  in  the 
smallest  optoelectronic  devices  and  (ii)  for  such  superiat¬ 
tices,  the  electron  effective  mass  in  the  plane  perpendicular 
to  the  growth  direction  is  always  the  electron  effective  mass 
of  bulk  GaAs.  which  is  the  smallest  effective  mass  that 
Ga.As/Al,Ga,  _  ,.-\s  can  have.  The  smaller  effective  mass 
implies  larger  mobility  and  faster  device  speed. 

B.  Quantum-well  confinement 

The  fundamental  band  gaps  for  tV|X.V,[lll) 
Ga.As/Al,Ga,  _  ,  As  superiattices  are  always  smaller  than 


for  the  corresponding  [001]  superiattices,  as  can  be  seen  bya 
direct  comparison  of  the  superiattices  with  two  different 
growth  directions  in  Fig.  2.  and.  for  some  much  larger  super- 
lattice  periods,  in  Fig.  1  of  Ref.  9.  It  can  also  be  seen  that  the 
smaller  the  thickne.ss  of  the  quantum-well  (GaAs)  layer,  the 
more  significant  is  'lie  difference  between  the  quantum-well 
confinement  of  the  direct  edge  for  [001 )  and  [111]  superiat¬ 
tices.  For  the  same  number  .V,  of  Ga.-\s  layers,  the  thickness 
of  the  quantum  well  in  a  [  1 1 1  ];superlaitice  is  greater  than  in 
a  .  lOl  1  superlattice  by  a  factor  of  2/i/3  =  1.15-»7,  but  even 
if  this  factor  is  includetl,  the  weaker  quantum-well  confine¬ 
ment  in  the  [111]  superlattices-is  still  not  completely  e.x- 
plained  by  a  simple  one-band  e.T.‘--tive-mass  model.’'  One  of 
the  most  dramatic  differences  be:  reen  [ill]  and  [001  ]  .su¬ 
periattices  of  similar  GaAs  layer  i  hi.-kness  is  the  much  larger 
heavy-light  hole  energy  level  splitting  at  the  top  of  valence 
bands  of  the  superiattices.  For  lOx  !OGa.A.s/AI„-Ga„j  su¬ 
periattices  this  .splitting  is  0.087  eV  for  the  (11!)  superiat- 
tice;  versus  0.035  eV  fiyrthe  [001 )  superlattice.  We  attribute 
the  smaller  quantum-well  confinement  and  the  la.'ger  heavy- 
light  hole  splitting  in  the  [  1 1 1  j  superlattice  to  the  topologi¬ 
cal  difference  in  the  bonding  between  the  [111)  and  the 
[001  ]  superiattices.  For  e.xampie.  .'.t  an  interface  in  a  [  1 1 1 ) 
GaAs/.Al.As  superlattice,  an  As  atom  is  bonded  to  either 
three  Ga  atoms  and  one  Al  atom  or  to  three  Al's  and  one  Ga. 
In  contrast,  an  interfacial  .As  in  a  [001 )  superlattice  is  bond? 
ed  to  two  Ga  and  two  Al  atoms.  This  topological  difference, 
which  has  an  intrinsic  three-dimensional  character,  affects 
both  the  valence  and  conduction  bands,  altering  their  masses 
in  a  way  that  is  not  described  quantitatively  correctly  by  a 
one-band  effective-mass  model. 

The  band  gap  is  somewhat  mo'^e  sensitive  to  changes  of 
the  GaAs  layer  thickness  than  to  changes  in  the 
.Al.,  Ga ,  _ .As'layer  thrckne.ss  ( see  Fig.  3 ) ,  as  was  the  case  for 
[001 )  superiattices. 

C.  Defect  levels 

The  substitutional  defect  energy  levels  ;’or  ^p-'-bonded 
impurities  can  be  evaluated  u.ung  the  techniques  of  Hjalmar- 
son  ei  as  described  above  for  sup.-rlattices. 


FIG.  .t.  Freilivicd  ruiidiiiucnuil  viivrijy-baml  gaps  al  k  =  0  of  a  (III] 
(Ga.As),  (AI.Ga,  .An),  ^uplalaulcc  as  a  fuiiv'iuiii  of  rvduccd  GaA.v 
laser  ti  -.-kness  A,  and  Al.Ga,  ,.Av  :ayer  iliickiiess  .V.  for.v  =  0.7.  .Noic 
«!:ai  the  variation  of  the  gap  with  decreasing  .\ .  from,  s.iy,  1 2  to  2  is  less  than 
the  variaiioii  .assocraied  with  changing  .V,  from  12  to  2. 
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FIG.  4.  Illustrating  the  deep'to-shallow  transition  as  a  fiinction  of  increas¬ 
ing  GaAs  layer  thickness  A’,  in  a  GaAs/AI ,  Ga,  ,  As  A',  x  A'-  siiperluttice 
(SL)  with  X  =  0.7  and  A'l  A'.  =  20  for  a  Si  impurity  on  u  column  III  site 
in  the  center  of  a  GaAs  layer  of  the  superlattice  host.  The  superla'iice  con¬ 
duction-band  edge  (CRM)  and  valence-band  maximum  (VRM)  arc  indi¬ 
cated  by  light  solid  lines.  The  Si  deep  level  is  denoted  by  a  Heavy  line,  winch 
is  solid  when  the  level  is  in  the  gap  but  dashed  when  the  level  is  resonant 
with  the  conduction  band.  1  tie  deep  level  in  tl-.e  band  gap  for  .V,s;4  is  cov¬ 
ered  up  by  the  conduction  band  as  a  result  of  elianges  in  the  host  for  A',  >  4. 
The  impurity's  deep  level  lies  in  the  gap  for  V,  4  and  is  occupied  by  the 
extra  Si  electron;  the  Si,  in  this  ease,  is  thus  a  "deep  impurity."  For  A',  >  4. 
the  deep  level  lies  above  the  conduction-band  edge  a>. a. resonance.  The 
daughter  electron  from  the  Si  impurity  which  was  destined  for  this  deep 
level  is  autoionized,  spills  out  of  the  deep  resonance  level,  and  falls  to  the 
conduction-band  edge  (light  solid  linelwhcrc  it  it  su'asequently  bound  (at 
low  temperature)  in  a  shallow  ievel  associateo  wit!  the  long  ranged  Cou¬ 
lomb  potential  of  the  donor  (indicated  by  the  .short  light  dashed  line).  It  is 
intportant  to  realize  that  both  the  deep  level  and  the  shallow  levels  coexist 
and  ar-  distinct  levels  with  qualitatively  different  wave  functions.  The  issue 
of  whether  an  impurity  is  "deep"  or  "shallow"  is  determined  by  whether  or 
npt  a  deep  level  associated  w  ith  the  impurity  lies  in  the  band  gap.  The  com¬ 
puted  deep-shallow  transition  Ok  'urs  for  .V,  a  4  layers.  Wh'le  the  qualitative 
physics  is  completely  reliable,  it  is  possible  that  the  transition  layer  thick¬ 
ness  may  differ  somewhat  from  A',  =  4  m  real  superlattices. 


1.  Dependence  oh  layer  thickness 

Figure  4  di.splays  the  depen Jence  on  Ga.\.s  reduced  lay¬ 
er  thicknts.';  .V,  of  the  deep  Ga-sitc.-I ,  level  of  a  Si  impurity’’ 
in  the  sniddk'of  a  GaAs  laycr  in  a  GaAh/.-M,, ,  Ga„  -.  .As  super- 
lattice.  .As  the  size  A',  of  llie  Ga.As  layer  shrinks,  the  deep 
lei'cls remain  reiatirciy  constant  in  energy  with  respect  to  the 
Ga.As  valence-band  ma.\inuim  v\hile  the  conduction-band 
edge  of  the  superlattice  increases  tn  energy — progressively 
uncovering  the  once  resonant  deep  level  of  Si  and  con\  critng 
this  shallow  donor  impunty  into  a  deep  trap.’”-'*  This  shal¬ 
low-deep  transition  as  :i  ftmeiion  tif  Ga.As  well-size  .A’,,  is 
similar  for  both  1 1 1 1  j  and  (('(I’  ]  Miperlaitices.  But  because 
the  band,  gap  of  the  [1111  superlattice  is  less  .sens.iive  to 
quantum  confinement,  the  iran.->iiioii  of  Si  from  a  shalK^w  1 1 
a  deep  impurity  will  occur  at  a  sinailcr  critical  GaAs  layer 
thicla;£ss  .V|.  ( B.ised  on  the  general  structureof  the  -.tirvesof 
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Fig.  4.  It  probably  occurs  for  A',  =4  and  a  GaAs  layer  thick¬ 
ness  of  order  w=  1 3  A  or  less. ) 

A  similar  analysis  can  be  made  of  the  behavior  of  other 
impurities,  for  example,  N  in  GaAs.  Nitrogen  has  a  resonant 
state  in  the  conduction  band  of  GaAs.  We  have  predicted''"' 
that  N  in  a  GaAs  layer  of  a  [001 )  GaAs/.Alj,Ga,  _ ,  As  su¬ 
perlattice  will  have  an  impurity  state  in  the  band  gap  if  the 
thickness  of  the  GaAs  layer  is  small  enough,  for  example, 
<48  A  or  17  molecular  layers.  Here  we  predict  that  N  in  the 
GaAs  layers  of  a  [111)  GaAs/A!.,Ga,  As  superlattice 
will  have  an  impurity  state  in  the  band  gap  if  the  thickness  oi‘ 
the  GaAs  layers  is  thinner  than  <32  .A  or  ten  molecular 
layers. 


'2.  As  vacancy  ieveis 

Figure  5  displays  the  deep  energy  levels  in  the  band  gap 
of  an  As  vacancy  in  a  .V,  =  A';  =  10  Ga As/.A1„  -  Ga„  j  As 
superlattice.  as  a  function  of^,  the  site  of  the  vacancy  in  the 
superhelix  or  superslab.  A  vacancy  is  simulated  here  by  let¬ 
ting  the  coefticients  of  the  vacancy  state  wave  function  at  the 
vacancy  site  vat.ish,  because  t.  vacancy  stat.  '.-anno:  ;:ave  an 
expansion  cocfiicient  at  nonevisting  orbitals.'"  Several  fea¬ 
tures  of  the  results  in  Fig.  5  arc  worth  noting:  in  contrast 
with  the  [001 )  superlattice  case,  the  [111]  superlattices  are 
not  “symmetrical”  any  more:  the  two  interfaces  /?  =  0  and 
/3  =  20  are  not  equivalent  to  each  other  any  more:  at  the 
/?  =  0  interface,  there  are  three  hyb-ids  directed  inside  the 
Alj,Ga,  _  *.As  layer. and  one  hybrid  in  the  Ga.As  layer,  but  at 
the/?  =  20  interface,  there  are  three  hybrids  inside  the  GaAs 
layer  and  one  hybrid  in  the  Al;,Ga,  _,As  layer.  A  direct 
consequence  of  this  nonsymmetry  is  the  asymmetrical  po.si- 
tion-dependence  of  the  Tj-dcrived  As  vacancy  level.  Near 
the  interface)?  =  0  the/>-like  T;  bulk  .As  vacancy  level  splits 
into  two  levels:  an  a,  level  and  a  douoiy  degenerate  c  state. 
The  (2,  level  corresponds  to  a  /7-like  level  with  its  orbital  per¬ 
pendicular  to  the  atorr.ic  layers  and  has  almost  the  energy  of 
a  bulk  Ga.As  7-  level,  while  the  e  level  corresponds  to  two p- 
like  orbitals  inside  the  atomic  layer,  and  has  an  energy  al- 
mo.st  the  same  as  the  b'llk  '^Ga,  .^As  7;  ievel.  Ho'vcver, 
near  the  interface/?  =  20  liie  o,  le^el  has  an  energy  almo.st 
the  same  as  the  bulk  .Al^  Ga,  _  ^  .As  level  with  its  orbital  ori¬ 
ented  perpendicular  to  the  atomic  layers,  and  the  e  level  has 
an  energy  almost  the  same  as  thc  bulk  Ga.As  level.  The  split¬ 
ting  between  the  a,  and  e  levels  a;  the  interface  arc  smaller 
than  the  splitting  in  the  corresponding  [001 )  superlattice.” 
of  order  less  than  0. 1  eV,  and  becomes  smaller  yet  when  the 
Wicancy  is  more  than  three  or  so  atomic  layers  from  the 
interface — but  may  not  vanish  e\  en  if  the  defect  is  distant 
from  the  interface,  as  a  rc.sult  of  the  splitting  of  the  valence- 
band  edge  in  the  superlattice  and  the  resulti:.g  changes  of  tne 
host  spectral  density.'*  The  other  general  behavior  of  the  .As 
\acanc\  state  in  [III]  superlatiices  is  very  si.  ilar  to  the 
behavior  in  [001]  superlatiices. 

Similar  behavior  lo  that  fi'und  for  llw  .As  \ac.!nc\  lc\els 
is  to  be  expected  for  all  .As  site  .v/’''-bo:iacci  deep  impurity 
lc\c!s  ;.T  Ga As/.Al, Ga,  ,  As  superlatticc.s.  allliougii  the  is¬ 
sue  of  whether  a  specific  deep  lc\el  lies  in  the  fundamental 
band  gap  or  not  depends  on  the  dci'cci  potential  for  that 
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FIG.  5.  Predicted  energy  levels  of  an  A.s  vacancy  in  a  (GaAs),„(Alo7Ga„,  As),„superlaiiice.  asa  function  of/?,  ihe  position  ofthe  vacancy  (even  values  of/J 
correspond  to  As  sites).  Note  the  splitting  of  the  T,  levels  at  and  near  the  interlaces  (  0  =  0,  20.  and  40).  and  tliat  these  vacancy  levels  lie  at  higher  enersy  in 
an  Alu-Ga,, ,  As  layer  than  in  a  Ga.As  layer.  The  a,  and  c  ordering  changes  at  successive  ::..crtaces.  The  zero  of  energy  is  the  vaicnce.b.ind  maximum  of  bulk 
GaAs.  and  the  corresponding  valence  band  <  VBM )  and  conquetion  band  (CBM)  edges  and  deep  levels  in  bulk  GaAs  and  bulk  Al„ .  G  ,  As  are  given  to  the 
left  and  right  ofthe  central  figure,  respectively.  The  lop  ofthe  central  figure  is  the  conductfon-band  edge  ofthe  superlattice,  and  the  bottom,  corresponds  to 
the  split  valence  band  in  the  superlaitiee— the  valence-band  ma.ximum  ofthe  superlattice  feeing  of  e  symmetry  ( p, )  and  the  split-olTa,  (  )  band  ma.vimum 

lying0.087eV  lower  in  energy.  The.4|  level  in  the  AI,Ga,  .  ,  As  layer  of  the  superlattice  is  lower  than  the  corresponding  Igvel  in  the  Ga..Vs  layer  because  ofthe 
band  offset  of  0.33  eV.  The  electron  (hole)  occupancies  ofthe  neutral  deep  levels  in  bulk  GaAs  and  bulk  Alj-Ga^j  As  are  denoted  by  solid  circles  (open 
triangles). 


impurity  ;...d  on  iV,,  .V,,  and  .r.  But  if  a  T,  level  does  lie  in  the 
gap,  the  lower  the  energy  leveMs,  the  larger  the  superlattice 
induced  splitting  of  it  would  be,  due  to  the  greater  influence 
of  the  split  top  of  the.valence  band. 


3.  Cation  vacancy  levels 

The /I  I  bulk  levels  for  a  Ga  vacancy  in  GaAs  and  for  a 
cation  vacancy  in  A1.,G3,  _  ,As  all  lie  very  deep  in  the  host 
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FIG  0  I  rcdicicd  i  -ilcrtvsd  levels  I'l  a  cat’.on  vacancy  in  a  (G.i.-\s)„,(,AI,i-G,i, ,  As)  „,  superlattice.  a-  a  funetion  of  vite  inde.v.t?,  the  position  oft  lie  vacan-y. 
The  r.-oof  energy  is  the  valence-band  edge  of  biiik  GaAs.  and  the  corresponding  v.iieacc  band  and  condiiciion.band  edges  and  deep  levels  in  bulk  GaAs  atid 
bulk  Al , ,  Ga.  ,  As  are  given  to  the  left  and  i  ight  vif  the  central  itgutc.  respectively.  The  top  ofthe  Cen:.*al  figure  is  the  eondiviioii-band  edge  of  the  .superlattice 
and  tl'.e  two  Ivottom  lines  con.-spand  to  thep.  -like  valence  b.and  ina.Mmtnn  and  the  split  -  -like  eslge  below  it.  E-lectr.iiis  ,>ecupv  mg  the  levels  are  denoted  by 
solid  circles,  Holes  niiiiallv  in  lev.;Isi)e<'<»c.'/<ei-,/A".w-/;,(ij!/;H<;.v;//iu(;!aiedciioiedby«peii  iriaiiglesandbiibbleiipioihe  >a!enec-hand  niaviiniini,  where  the 
long  ranged  Couh.aib  potential  can  trap  them  m  shallow  acceptor  levels  (not  shown'  The  cation  v.icancy  in  balk  GaAs  and  In  an  Al.,.Ga ,  ,As  laser  ofthe 
■superlattice  is  a  triple  .shallow  .leeepior.  pioviding  three  such  holes  to  the  valcr^e  band.  In  bulk  Al.  -Ga.. ,  As  .ind  in  a  G.iAs  layer  ofthe  superlattice.  the 

vacancyproduces.idec|>trapforeitherelectronsoi  hole's.  Iiiihesupcrlatiicc.ihelovv-energylevelinaGaAslayerisofUiSvmmeiry.andthehicli.eneravlevel 

is  oft*  symmetry,  as  indicated  on  the  figure. 
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caher  in  ihe  buikor  ai  an  micnajc  o:'a  GaAvAl_,Ga.  _  j,  As 
supi;rlatiice. 

The  r;*derived  aation  vacancy  levels  produce  deep  lev¬ 
els  near  the  valence-band  maxima  of  both  (001 J  and  (111) 
GaAs/Alj,Ga,  _,As  superlattices''  (see  Fig.  6).  In  bulk 
GaAs.  the  T~  cation  vacancy  level  is  predicted"  to  lie  =0.03 
eV below  the  valence-band  ma.ximum.  li  bulk  Al„.Ga„  ,As. 
the  predicted  vacancy  level  is  in  the  gap.  0.1 1  eV  above  the 
Alo.-  Ga<, ,  As  valence-band  maximum.  If  a  0.33-eV  band  off¬ 
set  is  assumed  for  the  GaAs/Al,,  -  Ga,j ,  As  superlattice,  this 
vacancy  level  should  lie  0.22  e\'  below  the  top  of  valence 
band  of  GaAs.  In  the  [ill]  Ga.As/.Al,  Guj  _  ^^.As  superbi- 
tice  near  the  interface,  the  7*-  cation  vacancy  level  splits  into 
c,  and  e  sublevels.  For  a-~:0.7,  some  or  all  of  these  sublet  .is 
may  lie  in  the  gap  of  the  superlattice.  The  energy  of  a  deep 
level  with  specified  symmetry  is  determined  by  ;  balance 
between  the  conduction-band  states,  which  push  the  level 
down  in  energy,  and  the  valence-band  states,  which  repel  it 
upward.  Hence  it  can  be  easily  understood  that  the  cation 
vacancy  levels,  because  they  are  very  close  to  the  top  qf  va¬ 
lence  band  of  the  superlattice,  are  most  affected  by  the  heavy 
(estate)-Iight  (a,  state)  hole  splitting  ofthesuperlattice,  as 
we  have  seen  in  the  (001 )  superlattice  case.  For  (111)  super¬ 
lattices,  because  the  heavy-light  hole  splitting  is  even  larger, 
its  effect  is  even  larger. 

If  the  predictions  are  taken  literally,  then  near  the  inter¬ 
face  the  cation  vacancy  produces  a  very  interesting  level 
structure,  depending  on  the  site  of  the  vacancy.  To  begin 
with,  in  a  GaAs  layer  of  the  superlattice,  the  bulk-GaAs  7"- 
valence-band  resonance  becomes  either  an  e  level  in  the  gap 
of  the  superlattice  or  an  e  resonant  state  (depending  on  the 
position  of  the  vacancy),  and  an  cr,  resonant  state.  The  c 
levels  lie  roughly  =0.07  e'.'  above  the  levels,  much  more 
than  in  the  case  of  ( 00 1 )  superlattices.  This  is  because  t he  f; 
levels  are  near  the  valence-band  maximum  and.  in  the  super- 
lattice.  the  r;-like  valence-band  maximum  is  ,.plit  into  a, 
(light-hole. /7„-like)  and  c  (heavy-hole. /i. -like)  edges,  and 
because  the  a.  valence-band  edge  has  a  lighter  effective  mass 
and  a  stronger  quantum-well  confinement  effect:  the  band 
edge  for  <7,  ( /7,,-like)  states  lies  0.0S7  eV  below  the  edge  for  e 
states.  The  a,  states  lie  lower  because  the  band  states  deep  in 
the  valence  bann  that  repel  them  are  at  lower  energy  in  the 
supe: '  .nice  (this  light-hole  character  of  the  /7,,-like  valence- 
band  states  cause  them  to  be  driven  down  in  energy  by  the 
quantum  confinement  of  the  superlattice).  In  an 
.‘\l,,;Gii„  s.As  layer,  the  cation  deep  vactincy  levels  are  now 
all  re.sonant  with  the  valence  band  of  the  superlaiiice  (al¬ 
though  in  bulk  .M,,-Gaj,  xAs  lhe\  lie  in  the  gap).  Tni.'.  is  cue 
mainly  the  band  olfset  and  the  fact  that,  roughly  speaking, 
the  (Uip  levels  do  not  move  (much)  whereas  the  valence- 
band  edges  do.  as  one  goes  from  oulk  GaAs  to  the  superlat- 
ticc  to  bulk  .Al.,-Ga„-.As. 

The  neutral  Ga  vacancy  in  the  bulk  of  Ga.-'.s  t  assuming 
its  deep  level  lies  in  the  valence  band:  is  a  triple  acceptor 
(Fig.  6).  Consider  this  -.acancy  at  the  near-interfaeial  site 
!>  =  1  in  Ga.As:  its  levels,  in  order  of  decretising  energy  are  c 
and  <7,.  In  all  of  the  cases  of  .’^ig.  6.  the  cation  v  acancy  is 
either  a  triple  'hallow  .uceptor  or  a  deep  trap  for^Wfh  an 


level  in  the  gap.  If  it  were  the  case  that  a  cation  vacancy  near 
an  interface  had  all  of  its  sublevels  resonant  with  the  valence 
band  of  the  superlattice,  then  the  vacancy  would  be  a  triple 
shallow  acceptor.  If  the  vacancy  were  near  the  center  of  the 
Ga.As  layer,  the  vacancy  would  be  a  deep  trap  for  both  elec¬ 
tro..'  and  holes.  B-ccause  the  cation  vacancy  lies  so  near  the 
valcnci-band  maximum,  relatively  small  amounts  of  lattice 
relaxation  or  charge-state  splittings  oft  he  defect  levels  could 
alter  the  predictions  for  tue  character  of  the  impurities. 

All  other  Ga  site.?/;’  i>onded  substitutional  impurity  T, 
levels  will  have  similar  po.sition  dependencies  to  the  ones 
found  here  for  the  Ga  vacancy.  But  if  the  energy  levels  are  far 
away  from  the  top  of  the  valence  band,  the  efiect  of  the  va¬ 
lence-band  spliii.iig  will  be  smaller. 

IV.  SUMMARY 

We  have  found  that  the  basic  physics  of  electronic  struc¬ 
ture  and  deep  impurity  level--  is  the  .'ame  for  (111)  and 
(001)  superlattices,  with  three  m  .'or  differences;  (i)  The 
topological  difference  of  the  bonding  in  the  (111)  growth 
direction  and  the  (001 )  growth  dircciion  cause  significant 
differences  of  electronic  structure  and  defect  sftite  behavior 
in  the  superlattices:  (111)  suporlattices  almos:  always  have 
direct  band  gaps,  quantum-confinement  etfect.s  iirc  weaker, 
and  therefore  .-hallow-deep  transitions  for  impurities  such  as 
Si  or  N  occur  at  smaller  Ga.As  quantum-well  sizes.  Tliiis,  the 
(111)  GaAs/Al,,Ga,  _  ^.As  superlaitices  may  prove  to  be 
better  materials  for  electronic  applications  than  the  (001  ] 
GaAs/.Al.Ga,_.,.As  superlattices,  (ii)  The  point-group 
symmetty  of  substitutional  impurities  in  ( 1 1 1 )  superl.itticc:; 
is  C,,  rtither  than  C-,,,  as  in  (001 )  .superlaitices.  Therefore 
bulk  T;  impurity  levels  arc  split  into  on:  nondegcncraie  o, 
level  and  one  doubl;  degenerate  level  e,  instc.'Ki  of  three  non- 
deg  irate  level:,  (iii)  The  larger  e-a,  splitting  of  the  top 
valence  band  leads  to  larger  .splittings  of  the  bulk  T-  levels, 
especiaiiy  for  those  in  Ga.As  layers  and  close  to  the  top-  of 
valence  band.  We  hope  the  theoretical  work  presented  will 
stimulate  more  experiments  on  deep  levels  in  superlatticvs. 
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condition  C„  =  0  naturally  is  equivalent  to  G,„iE)  =  0.  i.e..  the  widely- 
used  appro.simation  of  .M.  Laiinooatid  P.  Lenglart.i.  Phys.  Chem.  Solids 
30.  2409  (1969),  P=  ». 

|"S.  Y.  Ren.  Sci.  Sinica  27. 443  ( 1984). 

•'The  reason  is  that  at  an  interface  of  a  (001 )  superlattice,  either  one  or  the 
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We  examine  the  electronic  structure  of  the  prototypical  semimagnetic  semiconductors 
Cdi-xMn^Te  with  a  combination  of  inverse  photoemission,  resonant  synchrotron-radiation  photo¬ 
emission,  and  local-density  pseudofunction  model  calculations.  We  show  that  the  Mn  3d  states  lie 
outside  the  fundamental  gap,  the  d\'d\  exchange  splitting  is  8.3  eV  (almost  twice  as  large  as  ex¬ 
pected  from  earlier  theoretical  estimates),  and  that  the  ground-state  configuration  of  Mn  in  the 
solid  is  primarily  (</t)^(it)(pt)  rather  tha.-i  (</l)’^^ 


The  novel  magnelolransport  and  magneto-optical  prop¬ 
erties  of  ternary  semimagnetic  semiconductors  depend 
critically  on  the  character  and  location  of  the  Mn-derived 
Estates,  which  arc  still  quite  controversial. ’  in  this  paper 
we  present  what  is,  to  our  knowledge,  the  first  investiga¬ 
tion  of  the  excited  electron  states  of  a  semimagnetic  semi¬ 
conductor  by  means  of  invcrse-photocmission  spectrosco¬ 
py.’  When  combined  with  new  photoemission  spectrosco¬ 
py  results  for  the  occupied  electronic  states  and  new  self- 
consistent  local-density  pseudofunctioi^  calculations  for 
zinc  blende  MnTc,  our  results  force  a  rcevaluation  of 
current  ideas  about  the  magnitude  of  electron-electron 
correlation  and  the  electronic  configuration  of  Mn  in  ter¬ 
nary  semimagnetic  semiconductors. 

Our  measurements  were  performed  on  Cd|-,tMn,Te 
single  crystals  cleaved  irt  situ  following  the  methodology 
described  in  Refs.  1,  4,  and  5.  Inverse-photoemission 
measurements  were  performed  in  the  brems.trahlung  iso- 
chromat  spectroscopy  (BIS)  mode*  at  a  photon  energy  of 
1486.6  eV  with  a  spectrometer  resolution  of  0.7  eV.’  The 
photoemission  measurements  were  performed  in  the  angu¬ 
lar  integrated  mode  and  photoelectron  energy  distribution 
curves  (EDO  were  obtained  with  overall  energy  resolu¬ 
tion  from  0.15  (hv^AO  cV)  to  0.45  eV  (/iv“  120  eV).* 

Two  methods  can  be  used  ic  analyze  the  3d  contribu¬ 
tion  to  the  valence  density  of  states  (DOS)  of  semimag¬ 
netic  semiconductorf  they  involve  ternary-binary  va¬ 
lence-band  EDC  difference  curves'  and  resonance- 


antiresonance  EDC  difference  curves  obtained  at  Mn,3p- 
3d  rcsonance-antiresonanc**  photon  energies.’"’  In  Fig. 
1(a)  we  show  cn  example  of  the  first  metho.i  for  a  Cdo.ss- 
Mno.45Te  alloy."’  The  binding  energies  in  Fig.  1(a)  are 
referred  to  the  top  of  the  valence-band  maximum  as 
derived  from  a  linear  extrapolation  of  the  valence-band 
edge."  In  Figs.  Kb)  and  1(c)  we  show  examples  of 
resonance-antiresonance  difference  curves  for  Cdo.5<- 
Mno.45Te  and  Cdo.goMno.zoTe,  respectively.  ’  The  Mn  3d 
contribution  in  Figs.  l(a)-Kc)''givcs  rise  in  all  cases  to  a 
dominant  emission  feature  3.5  eV  below  £,.,  a  low 
binding-energy  shoulder  in  the  0-2-eV  range,  and  a  broad 
satellite  in  the  6-V-eV  range.  The  results  of  Figs.  1(b) 
and. 1(c)  are  in  agreement  with  those  of  Ref.  8.  and  the 
relatively  weak  concentration  depends  tee  of  the  Mn  3d 
features  indicates  that  they  mostly  refleci  the  unchanging 
local  Mn-Tc  coordination.  An  interpretation  of  these 
features  has  been  given  in  terms  of  first  principles  one- 
electron  calculations that  neglect  final-state  effects 
and  exhibit  a  relatively  poor  agreement  with  experi¬ 
ment,  or  using  a  scmiempiucal  configuration  in¬ 
teraction  cluster  model’  tha’  can  address  the  screening  of 
the  3d  hole,  but  cannot  directly  incorporate  Mn  3</-Te  5p 
hybridization  effects  in  the  initial  state. 

We  reevaluate  here  the  merits  of  the  one-electron  pic¬ 
ture  on  the  basis  of  our  new  calculations  of  the  electronic 
structure  of  anliferromagnetic  zinc  blende  MnTe.  Ex¬ 
tended  x-ray-absorption  fine-structure  investigations" 
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FIG.  1.  (a)  Ternary*binary  difference  curve  for  th  ■  valence* 
band  emission  of  Cdo.s5Mno4}Te*CdTe  at  the  Mn  3/)*3</  reso¬ 
nance  (Av'-SO  cV).  (b)  Resonancc*antiresonance  difference 
curve  {hv—50  and  47  eV)  for  Cdo.jjMno«Te  emphasizing  the 
Mn  id  contribution  to  the  valence  band,  (c)  Resonance* 
aniircsonance  difference  curve  (Av“50  and  47  eV)  for  Cdo.so* 
Mno.roTe.  (d)  Theoretical  /-projected  density  of  states  showing 
the  Mn  id  character  in  antiferromagnetic  zinc  blende  MnTe. 
The  ground  state  corresponds  to  a  Mn  configuration  close  to 
d^sp  (solid  line).  Broadening  with  a  Gaussian  instrumental 
window  function  (dashed  line)  facilitates  comparison  with  ex¬ 
periment.  (e)  Mn  id  character  in  antiferromagnetic  zinc  blende 
MnTe  for  the  artificial  configuration. 

and  the  ph  noemission  data  of  Fig.  1  indicate  that  such  a 
hypothetical  compound  should  reflect  the  .same  Mn-Te  lo¬ 
cal  coordination  and  id  contribution  to  the  electronic 
structure  'found  in  the  ternary  alloys.  The  electronic 
structure  calculations  employed  an  /--space  pseudofunc- 
tion  method  in  the  local-density  approxima'ion,  which  we 
have  modified  to  handle  spin  polarization."'  \Ve  used  a  unit 
ceil  containing  two  Mn  atoms  and  two  Te  atoms,*''  and 
considered  both  antiferromagnetic  and  ferromagnetic 
phases  of  Mn.  The  spin-dependent  basis  set  employed 
naturally  allows  hypothetical  zinc  blende  MnTe  to  adopt  a 
ground  state  of  arbitrary  spin  polarization  in  each  atomic 
cell."’  Our  total-energy  calculations  favored  the  antifer- 
rOmagnetic  ground  state  with  a  Mn-Te  bond  length  of 
2.68  A  (as  compared  with  the  experimental  value  of  2.73 
A),  an  indication  that  the  calcul-.  '  had  converged  to 
correct  phy.sics.  We  used  181 5  plane  waves  of  each  spin  in 
our  basis  set  and  two  special  points*’  to  approximate 
tegrati-'n  over  the  first  Brillouin  zone.  The  cai-ulations 


indicate  that  the  ground  state  of  MnTe  corresponds  to 
highly  spin-polarized  Mn-derived  conduction  states,  with 
Mn  atomic  configuration  close  to  (r/t  )(pt ).  i.e.,  the 
Hund's-rule  ground  state,  rather  than  the  customary 
{d\)^s'  ground  state  of  the  atom. ' * 

We  show  in  Fig.  1  (d)  the  projected  id  density  of  states 
for  the  ground  state  of  MnTe.  The  agreement  in  Fig.  1 
between  the  one-electron  theory  and  the  photoemission  re¬ 
sults  is  unprecedented  for  diluted  magnetic  semiconduc¬ 
tors,  and  only  the  broad,  satellite  in  the  6-9-eV  range  is 
not  accounted  for  in  the  calculations.*^ 

To  confirm  the  importance  of  Mn  (d\)^{s]){p\) 
bonding  and  spin  polarization  of  both  valence  and  conduc¬ 
tion  bands,  we  show  in  Fig.  1(e)  the  Mn  spectral 
density  of  states  from  a  calculation  for  MnTe  in  which 
•he  basis  set  and  the  spin-polarization  were  restricted 
such  that  the  eround-state  Mn  electron  configuration  is 
close  to  (//t  )^(4 1  )(.rl ).  with  some  contribution  from 
the  spin-unpolarized  configurations  t  )^(sl  )(pi ), 
(/f t )(pt ).  and  ((ft  )^(pt  )(pi  )•  The  result  is  simi¬ 
lar  to  that  of  previous  calculations,  *^-*‘‘  but  we  emphasize 
that  this  result  does  not  correspond  to  the  ground  state  of 
MnTe  and  it  predicts  a  major  id  feature  at  2.4  eV  that  is 
not  observed  experimentally.  We  conclude  that  the  Mn 
electronic  configuration  in  the  Cdi-.,Mr  .Te  alloy  scries 
is  ((ft)*(st)(pt)  rather  than  ((ft)''j\ 

In  Fig.  2(a)  we  sho'.v  BIS  spectra  for  CdTe  and 
Cdo.8oMno.joTc  in  the  0-16-eV  energy  range  above  the 
Fermi  level  Ef,  The  position  of  Ef  at  the  surface  was 
0.62  ±0.1  and  0.75  ±0.1  eV  above  the  valence-band 
maximum  for  Cdo.goMno.joTe  and  CdTe.  respectively. 
Each  spectrum  in  Fig.  2(a)  was  obtained  as  the  sum  of 
quantitatively  consistent  spectra  fron'  20  different 
cleaves.’®  Charging  effects  were  observed  for  all  samples 
with  .V  >  0.45.  The  spectra  were  normalized  for  compar¬ 
ison  to  the  CdTe  DOS  feature  at  6.7  eV,’*  and  subtracted 
from  each  other  in  order  to  obtain  the  difference  curve  in 
Fig.  2(b).  Results  for  the  .v“0.35  alloy  are  qualitatively 
consistent  with  those  for  the  .v  ■■0.20  alloys."'’^ 

The  BIS  spectrum  for  CdTe  is  in  good  quantitative 
agreement  with  the;results  of  DOS  calculations  by  Cheli- 
kowsky  and  Cohen.’'*  A  first  st:ucture  at  ab(jut  4  eV  orig- 
itiatc'  from  states'iin  the  first  two  conduction  bands  along 
(i  anu  near  A'  in  the  Brillouin  zone.  The  structure  at  6.7 
eV  primarily  derives  from  states  in  low-symmetry  direc¬ 
tions  of  the  Brillouin  zone.  A  double  emission  feature  in 
the  9-10-eV  -ange  originates  from  states  in  the  third  con¬ 
duction  lv..nd  at  Z.,  and  from  a  combination 
of  states  from  higher  bands  in  the  A  direction. In 
Cdi-.vMnyTe  new  MnTe-related  features  are  ob.served  in- 
Fig.  2  at  4.2,  10.2,  12.2,  and  13.8  eV  (open  squares)  par¬ 
tially  superimposed  to  the  binary  DOS  features.  Because 
of  the  normalization  employed,  minima  and  maxima  in 
the  difference  curve  of  Fig.  2(b)  corre.spond  to  binding  en¬ 
ergies  at  which  the  Cdi-.yMnvTe  DOS  is  small  or  large, 
respectively,  as  compared  to  the  CdTe  DOS.  It  is  there¬ 
fore  reasonable  to  compare  the  dilference  curve  in  Fig. 
2(b)  with  the  results  of  our  calculations  for  MnTe. 

We  show  in  Fig.  2(b)  (solid  lino)  the  lo'.ui  DOS  above 
Ef  for  the  aniiferrornagnetic  zin  '  blende  g.ound  state  of 
MnTe.  For  comparison  we  also  give  in  Fig.  2(c)  thv 
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FIG.  2.  (a)  BIS  from  CdTc  (tilled  circles)  and 

Cdo3o.’'IiiQ;oTe  (open  triangles).  The  conduction-band 
minimum  Ec  is  0.9  eV  above  the  Fermi  level  Ef  for  CdTe,  1.2 
eV  for  CdoiMnojTe.  (b) difference  curve  (open  squares)  de¬ 
rived  from  the  spectra  in  Fig.  2(a)  is  compared  with  the  result  of 
local  density  functional  calculations  of  the  total  density  of  states 
above  £>  (solid  line)  for  antiferromagnetic  zinc  blende  MnTe. 
The  theoretical  spectrum  has  been  rigidly  shifted  to  align  the 
calculated  features  to  the  c.xperimental  ones.  Convolution  with 
a  Gaussian  broadening  .''unction  (dashed  line)  facilitates  com¬ 
parison  with  experiment,  (c)  Theoretical  total  density  of  states 
for  antiferromagnetic  zinc  blende  MnTe  where  Mn  is  in  the 
artificial  low-spin  </ 's' configuration. 

analogous  result  for  the  reduced  spin-polarization  (Mn 
d^s')  case.  The  theoretical  DOS  is  also  shown  after  con¬ 
volution  with  a  1.5-eV-wide  Gaussian  broadening  function 
(dashed  line)  to  account  for  e.xperimental  resolution,  life¬ 
time.  and  alloy  scattering  elVects.*^  In  accord  with  the 
usual  practice  of  local-density  theory,  the  calculated  total 
DOS  has  been  rigidly  shifted  to  higher  binding  energy 
to  align  the  e.xperimental  and  the  theoretical  main 
spectral  features.  We  observe  a  fair  agreement  between 


theory  and  e.xperiment.  The  differ ;r.ce  curve  e.xhibns  a 
minimum  at  8.5  eV  and  two  broad  maxima  m  the  .’.0-6.0 
and  10-14-eV  v'crgy  ranges  and  it  is  in  somew  hc'  better 
agreement  .vith  the  theoretical  d‘vp  curve  [minima  'at  6 
and  8.5  cV.  m.i.<ima  in  the  f3-6)  and  (l0-!5)-eV  ranges] 
than  with  the  :i's~  curve  [minimum  at  6.5  eV.  maxima  in 
the  (3-6)-  and  (8- 1 5)-cV  ranges!.  We  emphasize  howev¬ 
er,  that  .me  could  not  conclusively  rule  out  the  iPs' 
configuration  just  on  the  basis  of  the  resul'  >  of  Fig.  2.  .An¬ 
gular  momentum  projection  of  the  DOS  allows  us  to  iden¬ 
tify  the  4.2-eV  feature  as  primarily  Vfn  3d  derived.  The 
emission  features  at  10.2,  1 2.2,  and  1 3.8  eV  are  associated 
primarily  with  Mn  ,i  state-,  with  some  admixtu.'-e  of  Te  p 
character. 

We  emphasize  that  in  Fig.  2(b)  we  see  no  evidence  of 
the  Mn-derived  states  in  the  gap  predicted  by  earlier 
theories. BIS  studies  of  Mn  thin  films  (1-5  A)  on 
lCd|-,,MnrTe  (Ref.  22)  clearly  show  d  emission  in  the 
gap,  instead,  when  unreacted  Mn  is  present.  We  can  now 
estimate  the  d\-d\  e.xchange  splitting  from  tfe  position  of 
the  main  Mn  3d  features  relative  to  the  Fermi  level,  and 
obtain  3.5  +  0.62  +  4.2 “8.32±0.4  eV.  Recent  .’'•.'■st- 
principles  calculations  for  Cdo.joMno.soTe  alloys '■*  predict¬ 
ed  a  Mn  3d\  band  ~2.5  eV  below  E.  and  a  di  feature 
within  2  eV  of  giving  a  splitting  of  4.5  eV  that  is  ap¬ 
proximately  lialf  (54?) )  of  our  experimental  value  of 
8.32  zf:  0.4  eV  and  is  substantially  smaller  than  our  new 
theoretical  value  of  6.8  eV.  Wo  note  that  for  Mn  atoms  in 
AgMn  intermetallics-*  the  experimental  splitting  between 
majority-  and  minority-spin  states  has  also  h.en  founo 
larger  (50‘r')  than  the  value  obta  ned  from  conventional 
local-den.'Iiv  calculations  (3.1  ;V). 

Earlier  semiempirical  calculations  are  in  better  agree¬ 
ment  with  the  experimental  exchange  splitting.  Ehren- 
reich  ei  u/.’’  predicted  a  7.0-eV  e.xchange  splitting  in  their 
tight-binding  calculations  for  Cdi-tMnx'Te.  The  sc.ni- 
empirical  cluster  model’  fi.xed  the  value  of  the  Coulomb 
correlation  energy  at  about  8  eV.  Such  a  value  is  in 
g  -od  agreement  with  our  experimental  result,  and  compa¬ 
rable  with  tho.se  assumed  for  Mott  insulators  such  as 
MnO  (9  eV)  (Ref.  9)  for  which  conventional  local-density 
functional  calculations  also  systematically  underestimated 
the  band  gap  and  the  d\~d',  splitting.  The  similar  energy 
position  of  the  6-9-eV  many-electron  satellites”  in 
Cdi-.vMn.tTe  and  MnO  is  then  seen  to  be  a  retlection  of 
the  similar  3d  correlation  energy  in  these  materials. 

Our  results  indicate  that  optical  transitions  from  the  top 
of  the  sp  valence  states  to  the  unoccupied  d  .st.ites  should 
invol"e  a  photon  energy  of  4.8  ±  0.3  eV  in  the  absence  of 
final-state  effects.  Structure  at  4.5  eV  has  been  indeed  ob¬ 
served  in  ellipsometry  studies  of  Cd| -vMntTe,^®  and 
Kendelewicz^“  tentatively  interpreted  structure  at  -1.5  eV 
in  reflectivity  measurements  as  deriving  -'om  sp—dl 
transitions.  Howeve.'.  in  most  recent  studie .  optical  tran¬ 
sitions  at  2.2  eV  have  bee  interpreted  s  interband  transi¬ 
tions  from  the  top  of  the  valence  band  to  the  unoccupied 
d\  states. or  as  int.-a-atomic  d-d  excitations.*'*  and 
large  final-state  effects  have  been  called  upon  to  explain  a 
presumed  discrepancy  between  photoemission  and  optical 
results,  and  photoemission  and  local-density  functional  re¬ 
sults.  We  find  little  evidence  of  such  a  discrepancy  in  our 
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results,  and  suggest  that  the  interpretation  of  the  optical 
structure  proposed  in  Refs.  14  and  27  should  be  reexam¬ 
ined.  In  particular,  our  results  strongly  support  the  inter¬ 
pretation  of  the  optical  spectra  proposed  by  Kendele- 
wicz,^°  and  indicate  that  an  alternate  explanation  should 
be  found  for  the  optical  structure  at  lower  energy.  In  this 
connection  we  mention  that  Larson  et  al.'^  recently  con¬ 
tended  that  the  optical  structure  at  2.2  eV  could  be  alter¬ 
natively  explained  in  terms  of  standard  (n>,  '.-i/-related) 
interband  transition,  or  excitoniclike  excitations 

that  do  not  appear  in  the  band-structure  results. 

In  summary,  inverse  and  resonant  photoemission  results 


for  Cd|-;rMn^Te.  indicate  a  d\-d\  exchange  splitting  al¬ 
most  twice  as  large  as  expected  from  earlier  hrst- 
principles  calculations  and  support  a  spin-polarized  d^sp- 
like  ground  state.for  Mn.in  these  materials. 
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A  structure-modulated  superlattice  is  a  lay-retJ  material  whose  alternate  layers  are  composed  of 
materials  with  different  crystal  structures.  Structure-modulated  superlattices  can  be  fabricated 
which  have  no  composition  modulation-  for  example,  the  zinc-blende-wurtzite  Cdt-  semiconduct¬ 
ing  superlaitice.  We  present  a  theory  of  such  zinc-blende-w-urizite  structure-moduiaied  superlat¬ 
tices.  and  find  the  following  for  a  ntiresi-neighbor  tight-binding  model  with  ideal  uuriztie  c/a  ra¬ 
tio:  (i)  The  fundamental  band  gap  of  the  superiattice  equals  those  of  both  the  zinc-blende  and  the 
wurtzite  parent  structures:  (ii)  in  the  superiattice  growth  direction,  the  dispersion  relations  E,(k) 
for  the  electrons  and  holes  are  the  same  as  in  the  parent  materials;  (iii)  in  directions  perpendicular 
to  the  superiattice  growth  direction,  the  superiattice  dispersion  relations  E,(k)  lie  near  those  of  the 
parent  zinc-blende  and  wurtzite  material:.,  and  (ivj  deep-level  energies  are  almost  the  s.  :.ne  as  in  the 
parent  materials.  The  zinc-blcnJe-wurtzite  superiattice  is  espe:  tally  interesting,  because  the  inter¬ 
face  between  zinc-blende  and  wurtzite  structures  is  ambiguous. 


I.  INTRODUCTION 

Man-made  superlattices  fall  into  three  categories:  (ir 
composition-modulated  superlattices  such  as  zb- 
GaAs/zb-.AlAs  (where  the  prefi.v  "zb-"  indicates  zinc- 
blende),  (ii), -structure-modulated  superlattices  such  as  zb- 
CdS/u'-CdS  (where  "to-”  denotes  wurtzite),  and  (iii)  com¬ 
bined  composition-  and  structure-modulated  superiattices 
such  as  zb-ZnTe/u’-ZnSe.  To  date,  most  research  has  fo¬ 
cused  on  composition-modulated  .superiattices.  Here  we 
present  a  iheorj  of  zmc-blende-wurtzite  structure- 
modulated  superiattices,  which  a.-e  crown  along  the  [1 1 IJ 
zinc-blende  direction  and  the  wurtzite  c  a.xts'.  It  is  well 
known  that  numerous  II-VI  compound  semiconductors, 
such  as  ZnS.  ZnSe,  Cd.S.  and  Cd.Se  e.xiiibit  both  zinc- 
blende  and  wurtzit-e  bully  crys,:.;  structures,'  and  hence 
are  candidates  for  fabrication  of  ■/.inc-blende- wurtzite  su- 
perlatticci.  Dilute  magnetic  semiconductor  alloys,  .such 
as  Zn,_,,Vlii,S  and  Zn,_  ,Mn^Se,  are  also  poten.ial  con¬ 
stituents  of  zinc-blende-wurtzile  .su/erlattices.  Here  w- 
treat  the  case  of  the  CdS  zinc-blende-wurtzite  structure. 

The  zinc-blende- wurtzite  superiattice  has  a  particular¬ 
ly  interesting  topological  feature  i"  that  it  does  not  cen- 
tair,  an  unambiguous  interface  between  the  zinc-bLnue 
and  wurtzite  structures  For  exampie,  m  Fig.  1.  one  may 
select  the  wurtzite  l.tser  as  exteti'iiitg  either  from  plane  E 
to  piaiie  I,  or  fron  plane  C  to  plane  K.  or  from  plane  1 1 
to  plane  L.  Wnh  nny  of  these  choices,  the  layer 
thicknesses  of  the  wurtzite  layer  and  the  zinc-blende  lay¬ 
er  are  the  same. 

39 


Z  3  CD  E  r  G'H  !  J  K  L 

ce  S  Cd  S  Cd  S  Cd  S  Cd  S  Cd  S 


;  i)  ...  - - VV  -■  — '  — 

..  :  b  — “  ■  w  — 

- - -  :  b . . V. 


FIG.  I.  Illustrating  the  structure  d  a  2X1  ziiic- 
blencr- wurtzite  structure-modulated  CdS  supet lattice  with  the 
period  of  twv.  layers  of  ziiie-blendf  ami  ont  laser  '  wurtzite 
structure.  The  large  (smal'i  •  v  denote  Cd  'S)  atoms.  The 
atomic  planes  are  labeled  ,-1  -L,  with  aliernaimg  plants  contain- 
i:ig  o-..-  Cd  ot  S  aionis.  The  .  rhiguny  cf  the  ziiic- 
blenuc-wurtziii  interface  is  iilusTa*  a  noting  various 
differe.'it  lasers  tt'..ch  can  be  consulervu  to  b.  zinc-i'.ctide  izbi 
or  wurtzite  u  *.  F,  ■  example,  planes  .i -E  'y-r  C-C,  or  £)-//• 
can  be  considered  ii  He  ziiie-lilende.  while  I- -I  lor  Q~K.  or 
K-Lt  can  be  considered  tc>  be  wurtzite. 
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11.  FOR.MALISM 
A.  Host  Hamiltonian 

The  growth  direction  of  our  CdS  zinc-biende-wurtzite 
superlattice  is  denned  as  the  direction  "3”  and  is  assumed 
to  coincide  with  the  zinc-blende  (111)  direction  and  the 
wurtzitc  c  axis.  The  orthogonal  directions  “1*’  and  “2” 
correspond  to  the  zinc-blende  [2 IT]  and  (01  T]  direction 
respectively.  The  superlattice  we  consider  has  two- 
atom  thick  layers  of  zinc-blende  structure  and  A'^.  four- 
atom  thick  layers  of  wurtzite  structure  repeated  periodi¬ 
cally;  the  zinc-blende  and  wurtzite  structures  are  as¬ 
sumed  to  be  perfectly  lattice  matched.  We  denote  this 
superlattice  as  an  zinc-blende- wurtzite  super¬ 

lattice. 

We  first  define  a  superhetix  or  supercell  as  a  helical 
string  with  IN^i,  adjacently  bonded  atoms  of  zinc-blende 
structure  with  its  axis  aligned  along  the  (Hi)  direction 
and  4A'^,  adjacently  bonded  atoms  of  wurtzite  structure 
with  it.s  axis  aligned  along  the  wurtzite-c  direction,  con¬ 
sisting  of  S,  Cd,  S,  Cd,  S,  Cd,  . . ..  S,  Cd.  The  center  of 
the  helix  is  at  L  and  each  of  the  atoms  of  the  helix  is  at 
position  L  -r  (for  /? = 0, 1 , 2, . . . .  2A' jb  -f  4A'„  - 1 ).  A  su- 
perslab  of  zinc-blende-wurtzite  CdS  consists  of  all  such 
helixes  with  the  same  value  of  Lj  and  all  possible 
different  values  of  L^  and  Z.,;  and  the  superiattice  is  a 
stacked  array  of  these  superslabs.  If  the  origin  ofcoordi- 

— — - - - - - I 

HiO.O)  H{0,\)  0  .  0 

H(\.2\  0  0  •••  0 

0  //*(!, 2)  H12.2)  H{2,2)  0  •••  0 


nates  is  taken  to  be  at  a  S  atom,  the  x  and  y  axes  are 
oriented  such  that  a  neighboring  cation  is  at  (j,  Z, 
where  ai_  is  the  lattice  constant  of  the  zinc-blende  struc¬ 
ture. 

We  describe  the  electronic  .strin  a  nearest- 

neichbor  tight-binding  Hamiltonian.  .M  each  site  there 
arc  four  5/7 ’basis  orbitals  jn.L.v,,),  where /i  =s,p^,Py,or 
p.  and  /J=0, 1,2 . 2N,^,-i-4i\'  —  1.  (Because  the  semi¬ 

conductors  exhibiting  both  wurtzite  and  zinc-blende 
structures  also  have  large  direct  gaps,  it  is  not  necessary 
to  employ  an  excited  5*  ba.sis  orbiiai  at  each  site.  Such 
an  orbital  is  useful  for  obtaining  tl.v  indirect  conduction- 
band  edges  found  in  indirect-ban..  ^:,p  semiconductors.”) 
In  terms  of  these  orbitals  we  form  the  tight-binding  orbit¬ 
als 

!/i,/?,k)=A7'^-’2exp(/k-L4-/k-V5)!/i,L,v^)  ,  (1) 

where  k  is  any  wave  vectoi  of  the  superiattice  Brillouin 
zone.  Here  A',  is  the  number  of  supercells. 

The  minizone  wave  vector  is  a  good  quantum  number, 
and  so  the  tight-binding  Hiiiniltonian  is  diagonal  in  k. 
Evaluation  of  the  matrix  elements  (n./?.k 
leads  to  a  tight-binding  Hamiltonian  of  the  block  tridiag¬ 
onal  form.  For  different  /?  and  /?',  the  first  three  rows  of 
block  matrices  are 


Z/(0.2A',i,-r4A',-l) 

0 


The  last  row  of  blocks  is 

//'(0.2.V,,-f-4,V,.-n00---0  //’(2A',bd-4AV,-2.2.V,,-r4.N;-l)  //(2A'.,-f4A;  -  l,2.-Y,,-f4..V,.- 1)  .  (3) 


f 


Here  H  ip.p')  depends  on  k  and  is  given  in  terms  of  vari 
ous  4X4  matrices  for  different  n  and  n'. 

The  diagonal  (in  Pi  4X4  matrix,  lUP.P)  at  site P,  is 

(e,  0  0  0  ! 


mp.p)  =  {n,p,kWtn',p,\:)  = 


0 


0 

f/- 

0 


0 

0 


where  the  energies  f,  and  e.  -n  //(/?,/?)  arc  the  atomic  en- 
e.'gy  levels  of  the  5  and  p  states  for  the  atom  at  the  /3th 
site,  and  ni,>..  be  obtained  from  tabulated  parameters.'* 
Fir  a  pure  structure-modulated  zinc-blende-wurtzite  su¬ 
periattice,  we  take  the  valence-band  ofi'set  to  be  zero. 
That  is  to  say,  the  cations  and  anions  are  assumed  to 
have  the  .-..me  values  of  e,  an>.'  e.  independent  of  whether 
they  lie  in  a  zinc-blende  layer  or  a  wurtzite  Lyer. 


There  are  .several  distinct  cases  for  which  the  off- 
diagonal  (in  p)  matrix  elements  («,/?,k.//in k)  are 
nonzero  (for  /?=«/3'). 

I.  Zinc-blendc  intrastructure  matrix  elernents 

If  P  and  P"  both  refer  to  nearest-neighbor  sites  in  the 
zinc-blende  structure,  we  have,  for  example, 

<.n,PXH\n‘,P'.^l  =  !l.,^^  .^  ,  (5) 

if  p  refers  to  a  euiion  and  /?’  refer''  to  an  anion. 
is  a  4X4  matrix  whose  rows  and  columns  are  labeled  by  n 
and  n',  which  range  over  the  values  5,  p^,  /?,.,  and  p.. 
Si.milarly  we  have  matrix  elements  Ha.io.c./h-  These  ma¬ 
trix  elements  are 
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Col^, 

-CoK,  - 

-CoK, 

-Co  1^4 

yt= 

P'(S,5)  , 

Cof^3 

Coy  3 

y2= 

y{.x,x) , 

^c.rh'.j.zb 

Co  ^3 

Co^'z 

Coy  3 

(6) 

y3= 

yix,y)  . 

Co^'y 

€0^3 

Coy 3 

Coy 2  , 

ys= 

V{xa,pc) 

Here  we  have  Co  = 

■go,  where 

we  hiv 

e  4go=  exp(ik-xo). 

and 

and  Xn=(Oi 

/4)(  1,1 

1 ),  with  a 

t  being 

the  lattice  constant 

y3= 

y(sc,pa) 

of  zir.c-blende  CdS.  Here  k  is  the  wave  vector.  In  addi¬ 
tion-, -we  have 


in  the  notation  of  Vogi  et  al.,^  and 
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yii-Si+i2-S3''> 


We  also  have 

4g|  =  exp(/k'X,)  , 
4g,  =  e.xp(/k'Xj)  , 
and 


4gj  =  e.xp(ik'Xj)  , 

with  X| -{a^ /4)(  1,  - 1,  -  i ),  /4)(  -  1, 1,  -  1 ),  and 

Xj  =  (at/4)(  -  1,  -  1, ! ),  .All  of  the  matri.x  elements  k’are 
those  tabulated'*  for  CdS. 


2.  iVurtzite  intrastructure  matrix  elements 

The  wurtzite  structure  has  an  e.xact  he.xagonal  symme¬ 
try,  and  an  approximate  tetrahedral  short-ranged  symme¬ 
try:  every  atom  is  surrounded  by  a  near  tetrahedron  of 
four  atoms  of  the  opposite  species.  The  nearest-neighbor 
geometry  is  tetrahedral  if  the  wurtzite  structure  has  the 
ideal  c/a  ratio  of  f8/3)'^'=  1.633.  In  the  ideal  limit,  the 
fundamental  band  gap  of  the  wurtzite  crystal  structure  is 
the  «ame  as  fot  the  zinc-blende  structure;^  Most  wurtzite 
semiconductors  are  very  close  to  the  ideai  limit;  for  e.x- 
ample,  CdS,  CdSe.  ZnS,  and  ZnTe  have  c/a  ratios  of 
1.632,  1.630,  1.641,  and  1.637,  respectively.*  In  this  pa¬ 


(7) 


per  we  assume  that  the  wurtzite  ns  ideal,  with  the  same 
bond  length  as  its  zinc-blende  partner.  As  a  result,  the 
wurtzite  matrix  elements,  in  a  rmrest-neighbor  tight- 
binding  model,  are  related  to.,the  zihe-biendr  matrix  ele¬ 
ments,  as  follows. 

If  /?  ano  jS'  both  refer  to  nearest-neighbor  sites  in  the 
wurtzite  structure,  we  will  also  have 

{n,/?,ki//!fl',/3',k)=//,.„.,.^.  .  (8) 


Similarly  we  have 

matrix  elements 

trix  elements  are 

fCoJ'i 

-CoF, 

-Cof'4  ■ 

-CoF. 

Coy  3 

Co  1^2 

CoJ'3 

Col'z 

^C.a'.c.u; 

Coy  3 

CoJ^3 

Cof"2 

Coy  3 

Coy  3 

Coy  3 

Co»^3 

Coy  2 

These  ma- 


(9) 


Here  the  Cq  and  I^,'s  are  the  same  as  defined  before.  This 
form  is  exactly  the  same  as  in  16).  For  the  wurtzite  struc¬ 
ture  we  have  two  different  forms  of  /fa.u'.f.u-  because 
there  are  four  atoms  in  each  unit  cell  {as  opposed  to  two 
for  zinc-blende):  one  is  the  same  as  in  Eq.  i7'  j  d  the  oth¬ 
er  is 


-I-V-5S4--55-i-4.'b)/3 

J.a.  f.U.-  _p'j,g^-5gj-fgJ/3 


f"4(-5g4-i-g5-^g6)/3 

'■'2i54-i-^'2:U5+Sb) 


J'4(S4-5i,'s*i-g6)/3 
“*'3l(?4+55)+f'32Sb 
^2i^5  +  »'::(S4-5-S6) 
-^3i'^5-^i?<,)-t-»'32S4 


^^4(^4 -^55-550  1/3  ' 


Here  we  have 
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»'/,•<»+ 26 K,,,)/27=  V[x,x)- |i  V(x.y) . 
f'3i*5K(x,)^)/9  . 

V^i^V(x,y)n, 

4g4=«  exp(/k’X4) , 

4gj*  exp(/k'X5)  , 
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and 


4g4®  expt'k-Xi)  . 

We  also  have  X4*(a|./4)(-|,|,i),  X5=(ai./4)(-l. -|,|),.Xfc=(ai/4)(|,  parameters  F  which  are  those 

tabulated^  for  CdS.  v 

3.  Intentructure  matrix  elements 


Th)!  fact  that  the  location  of  the  zinc^blende-wurtzite  interface  is  ambiguous  means  th'it  one  must  (i)  develop  a  for* 
malism  that  treats  the  interfacial  matrix  elements  the  same,  independent  of  interface  choice,  and  Hi)  select  a  specific  in* 
terface  for  a  particular  calculation.  There  are  two  distinct  forms  for  Hamiltonian  matrix  elements  connecting  one  atom 
in  the  zinc*biende  structure  with  another  in  the  wurtzite  structure.  They  are 


H. 


<,u'!c,tb 


f'l<«l+«2+?3)  'J'4(gl~g2“«3J  ^'4(-8l+g2“«3) 

->'5(“«l+«2~g3?  ^'3i”«l“?2+«3)  ^'2(Sl+?2+S3) 

-Fj(-g,-g2+gj)  Fjf-gi+gj-gj)  F,(g,:r.gj~gj) 


f'4(-gl-g2-^«3) 
F}(-g,+g2-*g3) 
J'3Ul-«2-«3) 
^'2(«1 +52+^3') 


and 


} 


(11) 


N. 


r,w;a,zb 


F,(C,+Ci  +  C3) 

-Fj(-C,+Cj-C,) 

-Fj(-C,-C:+Cj) 


F4(C,^C2-C,) 

Fj(C,+C,  +  Cj) 

Fjf-Ci-Cj+Cj) 

F3(-C,+C2--C,) 


F4(-C,>'-Cj-C.j), 
I^.((-C,-C;  +  Cj) 
Fj(Ci+C;-+C3-) 

FjtCj-Cj-Cj) 


F4(~C,-C:*fCj)' 
K3(-C,+C;-C3)' 
Fj(C,-C2-Cj) 
F,(C,+C2  +  Cj) 


(12) 


In  the  limit  ^ii,=0,  this  Hamiltonian  reduces  to  the 
Hamiltonian  of  Ref.  4  for  bulk  wurtzite  material.  In  the 
limit  /V„.=0  it  becomes  the  zinc-bfende  Hamiltoni* 
an.^‘‘  Values  of  the  parameters  for  this  Hamiltonian  can 
be  taken  from  Ref.  4  or  3. 

In  this  work  we  study  electronic-structure  for  superhel* 
,iccs  as  large  as  A',h+2A’„,  =  20:  that  is,  in  4p-atpm*thick 
supetslabs.  The  dimensio.i  of  the  HamiltOf.,  in  matrix  at 
each,  value  of  k  is  4(2A(„,+4A/,i,).  because  there  are  four 
orbitals  per  site.  We  diagonalize  this  Hamiltonian  nu* 
mericaily  for  each  k.  finding  its  eigenvalues -£y.k,  and,  if 
necessary,  the  projections  of  the  eigenvectors  ly.k)  on 
the  in,^tk)  hybrid  basis:  (n,/3,kl}',k).  Mere  y  is  the 
band  index  (and  ranges  from  I  to  160  for  ,V,^=:2A'„.  =  10) 
and  k  lies  within  the  superlattice  mini-Brillouin  zone. 

D.  Deep  levels 

The  theory  of  deep  ieve!,*  is  based  on  the  Green’s* 
function  theorv  of  Hjalmarson  ct  al.,^  which  solves  the 
secular  equation  for  the  Jeep-level  energy  E 


de,t(l-G(£)I')-=*0»dct 


^  J  (£-£•) 


(13) 

Here  V  is  the  defect  potential  matrix,’  which  is  zero  ex* 
cept  at  the  defect  site  and  diagonal  on  that  site 
(F,.F^,  Fp,  Fp  in  the  sp^  local  basis  centered  oh  each 
atom.  We  also  have  G  -(E where  H  is  the  host 
tight-binding  Hamiltonian  operator.  The  spectral  density 
operator  is  6( £'-//)  and  P  denotes  the  principal-value 
integral  over  all  energies.  For  energies  £  in  the  funda¬ 
mental  band  gap  of  the  superlattice,  G  is  real. 

A  substitutional  point  defect  in  bulk  zinc-blende  CdS 
has  tetrahedral  (Tj)  point-group  symmetry.  Each  .such 
.v-and  p-bon.itfd  defect  normally  has  one  .r-like  (.•(,)  and 
one  triply  degenerate  p-like  (7*; I  deep  defect  level  near  or 
in  the  fundamental  bund  gap.  If  w'e  imagine  breaking  the 
symmetry  of  bulk  zinc-blende  CdS  by  making  it  into  a 
zb-CdS/zb-CdS  superlattice  along  the  [1 1 1)  direction,  we 
reduce  the  Tj  symmetry  to  Cj,,.  A  substitutional  point 
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defect  in  bulk  wurtzite  GdS  also  has  Cj^  point-group 
symfiietry,  and  so  in  the  zinc-blende-wurtzite  superlat¬ 
tice  and  5-  and  p-b<mded,poiht  defect  will  have  Cj,,  sym- 
mctry  .as  well  and  will  produce  two  a  |  levels  (one  i-like, 
derived  ffoni  the  A-  leve  md  one  rj-defived  li’ •••). 
and  one  doubly  degenerate  c  level  (p.  like). 

The  secular  equation,  Eq.  (13),  is  reduced  by  the 
symmetry  to  the  follqving  two  equations: 


(14) 

fof'e  levels, :and 

|C(s,s:£)k',“i  gis,<t‘.E)v, 

‘^*‘1  Gla,s;E)'/.  (7(a.£r:£)k'^-l 

for  a  I  levels,  where  we  have 
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.<7.{e;£)='k7' 


Viic 

G(j,s;£)»  2  l(i.)3.kly,k  )i  V(£ -E^  ^ )  . 

r.k 

G(<7,(r;£)=  2  l<Px.^.kly.k>+(p,,4,kly,k>?+(p,.^,k|y.k)|V3(£-£y.k) , 

y.k 

and 

G(s.or;£)*2«^./?.kly.k>]X[(p„^,k|y,k>  +  (p^,i3.k!y,k>(Hp,,)9,kly,k)r/[v^3(£-£y.k,)). 
r.k 


(16) 

(17) 

(18) 

(19) 


Here'G(cr,s;£)  is  the  Hermitian  conjugate  of  G(s,<t;E) 
and  i^  is  the  site  ofthe  defect  in  the  superlattice. 

For  bach  site  0  the  relevant  host  Green's  functions, 
Eqs.  (16)>(19),  are  evaluated  using  the  special  points, 
method,^  and  the  secular  equations  (14)  and  (15)  are 
solved,  yielding  EieiV^)  and  two  values  of  £(ai:K,), 
and  £,!'Ji:F^).  The  defect  potential  matrix  elements  V, 
and  Kp  can  be  considered  as  the  same  as  the  defect  poten¬ 
tial  in  the  zinc-blende  structure. 

III.  RESULTS  AND  DISCUSSIONS 

A.  Supcrlattice  band  structures 

Once  the  Hamiltonian  is  defined,  the  superlattice  band 
structure  E^  ^,  is  determined  by^diagbnaliring  it  for  each< 
wave  vector  k  in  its  Brilloiiin  zone’  (Fig.  2),  which  is  the 
same  as  the  wurtzite  Brillouin  zone.  e.xcept  that  the  P-  .4 
length  is  reduced  by  a  factor  of  + 

Provided  the  wurtzite  structure  h.ns  the  ideal  c/a  ratio 
c' (8/3)'^*,  the  bulk  zinc-blende,  bulk  wurtzite,  and  zinc- 


FIG.  2.  the  Brillouin  zone  for  the  2X1  zinc- 
blende-wurtzite  structure-modulated  superlattice. 


p; - - - - 

Iblende- wurtzite  superlattice  structures  are  physically  in¬ 
disting  aishable  when  viewed  only  in  the  growth  direction, 
the  differences  in  three  structures  ''ccome  apparent  only 
whc%  viewed  along  directions  deviating  from  the  growth 
axis,  therefore,  for  wave  vectors  k  corresponding  to 
the  growth  direction,  the  dispersion  relations  £„(k) 
and  effective  masses  are  the  same  as  for  the  constituent 
zinc-blende  and  wurtzite  rnaterialr;  Hence  zinc- 
blende-^  v.urtzite  superlattices  madelfroin  direct-band-gap 
zinc-blende  and  (ideal  c/a  ratio)  wurtzite  materials  are 
also  direct-band-gap  semiconductors  with  the  same  value 
of  the  fundamental  gap  at  the  P  point  of  the  Brillouin 
zone  as  the  zinc-blende  and  the  (ideal)  wurtzite  bulk  ma¬ 
terials:  2.60  eV  fo*  CdS,  (Note  that  e/a  for  CdS  is  1.632, 
only  0.05%  different  from  the  ideal  ratio  of 
(8/3)*'*=  1.633;  hence  the  approximation  of  an  ideal 
structure  should  introduce  only  small  errors  in  the  band 
structure,  of  order  meV,  the  same  order  as  found  for 
InN.'°}  The  lowest  superlattice  conduction  band,  as  com¬ 
puted  in  the  present  model,  is  displayed  for  the  2X1 
zinc-blende-wurtzite  superlattice. in  Fig.  3;  correspond¬ 
ing  results  for  the  highest  valence  band  are  given  in  Fig. 
4.  In  the  P-  ,4  or  [1 1 !]  direction,  the  dispersion  relations 
£„(k)'are  the  same  as  for  the  zinc-blende  or  the  (ideaj) 
wurtzite  bulk  materials,  but  in  the  P-Af,  or  [2,  T,  I] 
direction  and  the  P-AT,  or  [0,1.1],  direction  the  superlat¬ 
tice  band  <tructures  deviate  slightly  from  the  bulk  elec- 
tsonic  structures. 

A  quasiparticle's  resist.'incr  to  acceleration  by  an  ap¬ 
plied  electric  or  magnetic;  field  is  determined  by  its 
effective  mass.  In  Fig.  5'  we  displays  the  calculated 
conduction-band  and  v^lehce-b.ind  effective  rtijsses  in  the 
P-/1,T-Af,  atiuT'-Ar  symmetry  directions,  versus  layer 
thickness-  of  the  supcrlattice.  In  our  model,  the 
conduction-band  effective  mass  is  unchanged  in  the  su¬ 
perlattice,  because  the  lowest  conduction  band  is  nonde- 
geherate  and  its  effective  mass  is  isotropic  for  both  zinc- 
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Conduction-Band  Structure 


FIO.  3.  The  calculated  lowest  conduction-band  structures  in 
the  three  symmetry  directions,  T- /I,  F-Mi  and  T-i:,  of  the 
2X1  zinc-blende-wurtzite  superlattice  (solid),  bulk  zinc-blende 
(dashed),  and  bulk  wurtzite  (dot-dashed)  CdS.  Note  that  the 
■three  are  the  same  in  the  T-  A  growth  direction. 


blende  and  wurtzite  structures.  The  valence-band  mass 
of  the  superlattice  in  the  growth  direction  is  in¬ 
dependent  of  I.‘<yer  thickness  and  is  the  same  as  in  either 
zinc-blende  or  wurtzite  CdS.  HowevefiMn  the  directions 
perpendicular  to  the  growth  direction,  the  valence-band 
masses,  change  from  the  effective  masses  of  wurtzite  to 


Valence-Band  Structure 


■'Vave  Vector 

FIG.  4.  The  cal.;ulut<-J  highiM  valence-band  structures  in  the 
three  symmetry  directniu  f-  s',  T-M.  and  r-<V,  of  the  2X 1 
zinc-blende-wurtzi:c  -.j'c.'lattice  tspiidi,  bulk  zinc-blende 
(dashed),  and  bulk  wunzive  idot-dashed)  CdS. 


ZINC-BLENDE  THIpklNESS  N^ 


FIG.  S.  ThCj  Iculated  reduce?  effective  masses  m*/mo  of 
the  valence  ana  conduction  bands  of  a  zinc- 

blende-wurtzite  superlattice  in  thtvr-  A  (solid),  F-Af  (dashed), 
and  T-K  (dot-dashed)  directions;ias  functions  of  zinc-blende 
layer  thickneu  with  t  2'V„  «  20. 

those  of  zinc-blende.  The  zinc-blende  mass  is  anisotropic 
(because  ti  e  valence-band  maximum  is  triply  degenerate 
and  zinc-blende  is  a  cubic  structure)  while  the  wurtzite 
mass  is  isotropic.  The  isotropy  of  the  wurtzite  Valence- 
band  mass  is  due  to.  the  comjnncd  effects  of  the  lower 
symmetry  of  the  wurtzite  structure  and  the  ideal  c/a  ra¬ 
tio.  (For  an  ideal  c/a  ratio,  the  wurtzite  valence-band 
maximum  is  triply  degenerate,  but  for  nonideal  c/a’it  is 
nondegenet  ate  with  a  doubly  deseneraie  band  slightly 
below  it.) 

B.  Deep  impuritylcvcis 
ill  zinc-blende -wurtzite  s*  pcriettices 

Deep  impurity  levels  are  evaluated  using  Eq.  (13)  with 
the  relevant  parts  of  the  spectral  density  operator 
6(£'-/f)  expres^  in  terms  of  the  Green's  function 
(16)-(19).  Since  ihese  Green's  functions  depend  on  the 
superlattice  band  structure,  which  differs  only  slightly 
trdm  the  bulk  zinc-blende  or  wurtzite  band  structures, 
the  deep-level  energies  in  the  CdS  zinc-blende-wurtzite 
superlattice  are  virtually  the  same  as  for  the  same  substi¬ 
tutional  impurity  in  bulk  ztnc-blende  or  bulk  wurtzite 
CdS."  Hence  shallow-deep  transitions  as'  the  layer 
thicknesses  vary'*'Are  not  to  be  expected  for  impurities  in 
zinc-blende-wurtzite  superlattices. 

C.  Long-ranged  versus  shori-ranscd  order 

Although  the  bulk  zinc-b!e‘tde  and  ideal-wurtzite 
structures  are  very  diJfsreht  when  viewed  at  long  range, 
their  short-ranged  orders  are  both  tetrahedral  and  identi¬ 
cal  (up  to  second-nearest  neighbors).  This  short-ranged 
order  leads  to  electronic  structures  of  the  two  bulk  ma¬ 
terials  that  are  almost  identical,  and  to  a  zinc- 
blende-wurtzite  superlattice  eieetronic  structure  that  is 
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almost  thrsame  as  the  bulk  zihc-blende;dr  wiirtzite.  elec¬ 
tronic  structure.  Clearly,  the  short-ranged'  tetrahedral 
bondingi  rather  than  any,  tong-'anged  zjhciblende,  wurt- 
zite,  or  superlattice  order,  is  dominant  in  dete.  mining  tht* 
electronic  structure.  While  the  concept  of  a.structure- 
modulated  superlattice  is  interesting,  and  the  tojpology  of 
the  ambiguous  zinc-blende -wurtzitc  interface  is  e.xciting, 
the  practical  coniequences  on  electronic  structure  of 
growing  such  structures  seem  to  be  limited  to  introducing 
small  anisotropies  into  the  dispersion  relations  E„ik).  In 
particular,  such.superlattices  offer.the  possibility  of  intro- 
duc.ng.  changes  into  the  valence-band  effective  mass 
without  signiheahtiy  altering  the  conductiohrband.  mass 
or  mass  isotropy. 

Finally,  we -do  expect,  some  differences  between  the 
phonons  in  zinc-blende-wurtzite  superiattices  and  the 
parent  compounds.  Although  the  materials,  will  be  iden¬ 
tical  when  viewed  :aluhg  the  r>/f  (grow(h)  direction;  as¬ 
suming  an  ideal  e/a  ratio,  there  will  nevertheless  be 


sighificant’.differences  in  the  longrranged  Coulomb  forces 
of  zinc-biende  and  wurtzite  structures,  which  should  be 
reflected  in  the  phonon  dispersion  curves. 

IV.  slSi.mary 

The  calculations  presented  here  are,  we  believe,  the 
first  calculations  of  the  electronic  structures  of  structure- 
modulated  semiconductor  superiattices.  Wc  hope  that 
this  work  will  stimulate  efforts  to  grow  such  interesting 
artificial  materials. 
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Locat>deniity  pseudofuiiction  calculations  of  local  Hg — Te,  local-  Cd— Te,  and  a-  .'rage  bond 
lengths  in  Hgo.5Cdo.3Te  are  reported  and  compared  with  data  and  with  other  theories.  Our  results 
agree  with  extended  x-ray*absorption  fine>structure  data  and  a  phenomenological  strain  theory 
which  show  that  the  perfect  compound>crystal  bond  lengthf  are  virtually  conserved  in  the  alloy,  but 
conflict  with  previous  theories  which  predicted  /otye  bond  relaxations  auioy  from  the  average  bond 
length.  The  calculations  imply  that  charge  transfer  Iron)  Cd  to  Hg  is  quite  small  in  these  alloys. 


I,  INTRODUCTION 

Vegard’s  law  for  pseudobinary  ternary  alloys  such  as 
Hfii-iCd,Te  sti’te.'i  thattlie  average  bond  length  d^y^lx), 
as  measured  by'X*ray  diffraction,  varies  linearly  as  a  func¬ 
tion  of  alloy  composition  x: 

d,v|{x)— ( 1  ~X 'd 1  ^  • 

Here  the  bond  lengths  d  are  related  to.  the  corresponding 
'lattice  constants  a^  by  a  geometrical  factor: 

d{x)-*‘\^/4gi^{x).  In  1982  Mikkclsen  and  Boyce* 
showed  that  the  local  bond  lengths  (or  nearest-neignbor 
distances)  in  pseudobinary  alloys,  as  measured  by-extend¬ 
ed  x-ray-absorption. fine-stfucture  (EXAFS)  spectroscopy, 
do  not  obey  Vegard's  law,  but  instead  are  nearly  con¬ 
stant.  As  applied  to  Hgi_;,rd,,Te,,the  Mikkelsen^Boyce 
result  for  the  local  Hg— Te  and  Cd— Te  bond  lengths 
8nd  would  be 

and 

where  dcdtc'^'  and  d|^j,j,(l)  have  the  physical  interpreta¬ 
tions  of  a  Cd— Te  impurity  bond  lengi!  in  HgTe  and  a 
Hg — Te  bond  length  in  CdTe.  In  a  fns:  approximation, 
these  bond  lengths  are  unaffected  by  the  alloy: 

and 

Mil.kelsen  and  Boyce,  who  studied  lll-V  alh\,s,.did  find 
deviations  from  this  first  appro.\iniation  which  were 
linear  in  alloy  composition  .v,  normally  with  the  property 
that  the  local  bond  lengths  in  the  alloy  -ela.xed  toward  the 
average.  This  idea,  applied  to  Hg,_j,’cd.jTe,  would  have 
both  the  Hg-.-Te  and  Cd — Te  local  boiio  lengths  e.\pand- 
ing  with  tncreasing  ,v,  because  CdTe  has  a  larger  lattice 


constant  than  HgTe.  In  1985  and  1987  Sher  et  al.'  and 
Hass  and  Vanderbilt^  presented  theories  proposing  that 
the  local  bond  lengths  relax  auiay  from  the  average  in. 
Hg,_,Cd,Te.  Recently,  Newman  et  dl.*  have  developed 
a  .phenomenological  strain  theory  for  pseudobipary  ter¬ 
nary  alloys  and  applied  it.to  III-V  alloys.  i^In  this  paper 
we  evaluate  the  theory  of  Newn:^  et  al,  for 
Hgi_,Cdj,Te,-and  find  that  it  predicts  very  small  bond 
relaxations  toward  the.avefage. 

Thus  there  is  a  clear-cut  disagreement  among  the 
theoiisis  concerning  both  the  sign  and  magnitude  of  the 
local  Hg— Te  and  Cd— Te  bond-length  tclaxations  in 
Hg|.xCd;tTe  alloys.  On  one  hand,  Sher  et  al,,‘  using  a 
tight-binding  theory,  and- Hass  and  Vanderbilt,^  using  a 
norm-conserving  pscudopotehtial  method.  have  both  pre¬ 
dicted  that  the-locaLHg— te  .and  Cd— Te  bond  lengths, 
dnfj,{x)  and  dai^ix),  (i^)  are  significantly  different  in  the 
x-=0.5. alloy  (by  —0.03  A)  froih  the  r?rfectrcrystal  limits 
796  A  and  dcjTy(l)=2.806!.A,  and  (ii)  relan 
away  from  one  another  as  a  function  of  alloy  composi¬ 
tion.  That  is,  in  the  alloy  we  have,  according  to  these 
thcorie:.,  d„p-,,  v)<d„jT,(C)  .and  dcuVft.\)>dcdj,.l-.  On 
the  otnor  hand,  the  model  of  Newm:m  et  at.,*  which  uses 
a  phenomenological  strain  theory,  implies  that  the  bond 
lengths  arc  almost  unchanged  in  the  alloy  and  relax 
slightly  toward  one  ::nuther.  The  predictions  of  the  New¬ 
man  theory  are  given  in  Fig..l.  While  the  conclusion  of 
Newman  et  al.  conforms  with  the  iniuiiive  expectation 
that  bond  lettgihs  in  the  alloy  should  relax  toward  the 
average,  the  Newman  theory  is  lacking  the  essential  ele¬ 
ment  which  Sher  et  al.  and  Hass  and  '-'a:ideibilt  point  k. 
as  being  responsible  for  the  counieri::t.  itive  relaxa.ion, 
namel.N  charge  transfer  in  the  alloy  fro:n  Cd  to  Hg.  Such 
charge  transfer  alters  the  Coulomb  frjices  between  ions 
and  •.•.)uld  contract  bond'^lengths  th;it  would  otherwise  be 
expected  to  expand.  Hoy, 'ever,  both  iheorle.s  which  pro- 
pt'.sc  relaxation  aw.-y  from  the  avt-rage  ha\c  eniployed 
phenomenological  noriiself-consisient  repuNive  pt'sentials 
to  simulate  the  effe.  t-  of  d  and  core  electrons  and  to  pro¬ 
duce  (by  construction)  the  observed  *iond  lengths  in  the 
.v=0  and  1  perfect-crystal  limits.  It  is- conceivable  th:!t 
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FIG.  I.  Calculated  Hg—Te  bond  lengths  (squares)  qqd  Cd — 
Te  bond  lengths  (pluses)  in  the  Hgi.jiCd^Te  family ‘of  com¬ 
pounds.  For  X  *0  and'l,  the  bond  length  is  that  to  the  zinc- 
blende  compound;  for  x  *  the  ordered  compound  is  luzonite 
(L)  with  three  Hg— Te  bonds  for  every  Cd— Te  bond, .or  fama- 
tinite  (F)  with  two  long  and  one  short  Hg— Te  bond(s)  for  every 
Cd— Te  bond.  A  similar  result  holds  for  x  ■  For  x  *  I,  the 
[(X)l]-oriented  superlattices  (S)  and  chakopyrite  (C)  com¬ 
pounds  have  equal  nuthbert  of  Hg— Te  and  Cd— Te  bonds.  The 
solid  lines  are  the  values  to  be  expected  within  the  alloy,  inter¬ 
polated  from  the  crystallite  values,  as  discussed  in  Ref.  4.  The 
dashed  lines  represent  the  perfeet-cr\‘stal  bond  lengths  of  Hg— 
Te  and  Cd— Te,  for  comparison.  (Cd— Te  lias  the  larger  bond 
length.) 


these  phenomenological  potentials  have  obscure  unphysi¬ 
cal  features  which  inadvertently  produce  the  large  and 
anomalous  relaxation  of  the  bond  lengths  away  from  the 
average  in  the  alloy. 

On  the  experimental  side,  the  recent  EXAFS  data  of 
Bunker  el  alM  indicate  that  the  Hg— Te  and  Cd— Te 
bond  lengths  in  the  Hg|_;,Cd;,Te  alloy  are  changed  very 
little,  if  any,  from  the  perfect-crystal  values,  and  appear 
to  be  consistent  with  the  predictions  of  Newman  ei  a/., 
but  not  with  those  of  Sher  c(  al.  and  Hass  and  Vander¬ 
bilt.  (See  Fig.  2). 

On  the  theoretical  side,  there  is  a  clear  need  for  a 
local-density-theory  calculation'  accurate  enoupli  to  pre¬ 
dict  the  x»0  and  1  perfect-crystal  lattice  consianis  and 
to  address  the  question  of  bond-length  relaxation  in  the 
-alloys.  Such  a  theory  should  treat  all  of  the  atom-atom 
interactions  self-cunsistently  on  a  first-principles  basis. 

In  ’.his  paper  we  present  local-dcnsiiy-theory’  calcula¬ 
tions  of  the  bond  lengths  in  the  si'nie  Hgu  jCdo  jTe  micro¬ 
crystal  model  of  the  alloy  as  used  by  Hass  and  Vander¬ 
bilt.*'  We  implement  the  calculations  using  the  p.scu- 
dofunction  method.''  Unlike  Hass  and  Vanderbilt,  we 
treat  the  outermost  d-shell  electrons  of  Hg  and  Cd  as 
valence  electrons,  on  the  same  footing  as  the  bonding  s 
and  p  electrons  of  Hg.  Cd,  and  Te;  thus  we  have  no  need 
for  a  phenomenological  potential  to  simulate  the  effects 
of  d  electrons  and  c:  .t  address  directly  the  controversmi 
issue  in  a  cv.npletcly  a  priori  self-consistent  model:  Does 
charge  transfer  lead  to  major  relaxation  of  the  bond 
lengths  in  the  alloy  away  from  the  average  bond  length? 


FIG.  2.  Calculated  local  bond  lengths  dH|Tt(x)  and  dctrtlx) 
in  Hg).;,Cd:,Te,  vs  alloy  composition  x  (solid  lines),  assuming 
straight  lines  defined  by  d|  1,10.5),  d|i,i,(0),  dc4ic(0.fi)i  and 
(/c4Tt<l)-  The  dashed  lines  represent  t!ie  measured  perfect- 
crystal.bohd  lengths  cfH|Ti(0)  in  HgTe  and  dauW  in  CdTe,  for 
reference.  The  EXAFS  data  are  from  Ref.  6.  The  phenomeno¬ 
logical  strain  theory  of  Newman  et  al.  at  x  ■|  -is  displayed  as 
pluses.  Note  that  the  present  theory  and  the  Newman  theory 
are  consistent  with  the  data,  ifhe  theoretical  resulu  of  Sher 
et  al.  and  of  Hass  and  Vanderbilt  are  denoted  by  squares  and 
triangles,  respectively. 


11.  EVALUATION  OF  THE  NEWMAN  THEORY 
FORnt,.,Cd.Te 

The  Newman  theory  models  the  alloy  locally  at  select¬ 
ed  compositions  x  in  terms  of  microcrystullites.  For  ex¬ 
ample,  famatinite  and  luzonite  crystal  structures  corre¬ 
spond  to  local  alloy  compositions  and  The 
strain  energies  of  these  crystal  types  are  expanded  to 
second  order  in  the  bond  elongations  and  the  bond-angle 
distortions,  with  the  coefficients  of  the  expansions  deter¬ 
mined  by  elastic-constant  data,  similar  to  a  Keating  mod¬ 
el.’  The  results  of  this  theory  for  Hg|_.,Cd.,Te  are  given 
in  Fig.  1.  Details  of  the  theory  can  be  found  in  Ref.  4. 

HI.  CALCUI.ATIONAL  METHOD 

.All  of  the  essential  plivMcs  of  this  problem  is  linear  in 
alloy  composition  x,  and  so  the  issues  invoived  can  be 
resolved  at  any  single  composition  we  choose  (other  than 
x*0  or  1).  Three  n:itural  choices  present  themselves: 
X  *0.5,  X  —  1,  and  x  —0.  The  latter  two  choices  corre¬ 
spond  to  the  single-impurity  limit,  where  the  issue  be¬ 
comes  “is  the  bond  length  of  a  Hg  impurity  in  CdTe 
significantly  smaller  than  the  pcrfect-erysi: !  Hg— Te 
bond  length,  despite  the  fact  that  CdTe  !ia>  a  larger  lat¬ 
tice  constant  than  HgTe?”  or  “is  the  bor.J  length  of  a  Cd 
impurity  in  HgTe  significantly  larger  :.iun  dcdTt 
However,  it  is  slightly  more  convenient  for  us  to  deter¬ 
mine  bond  lengths  theorci  .ally  in  the  .v«0.5  microerys- 
tal  model,  which  also  all.iw.;  a  direct  comparison  with  the 
work  of  Hass  and  Vanderbilt  and  Slier  et  at.  Hence  we 
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consider  the  bond  lengths  in  Hgo.5Cdo.5Te. 

Our  calculations  are  based  oh  iccal*dcnsity  theory^  and 
'*:e  pseudofunction  method.^  Local'density  theory  gen* 
eraity  produces  reliable  changes  of  total  energy,  and  so 
can  e.xpccted.to  predict  structural  properties.  Its  abili¬ 
ty  to  pred'ct  band  ^^aps  and  conduction-band  structures  is 
well  known  to  be  suspect,  however.'®  The  pseudofunc- 
tioti  implementation  of  local-density  theory  has  worked 
very  well  for  a  number  of  problems  in  semiconductor 
physics;  I*  yielded  a  bond  length  in  bulk  Si  only  O.S% 
different  from  the  e.xperimental  value  and  a  bulk  modulus 
and  its  derivative  with  respect  to  pressure  very  close  to 
the  experimental  ones."  It  correctly  described  the 
Curie-constant  data,'^  photoemission  measurements,'^ 
and  inverse  photoemission  spectra'^  of  Cdi.^Mn^Te 
semiconducting  alloys.  And  it  correctly  predicted  that  a 
monolayer  of  potassium  on  the  $i(001)-(2X  1)  surface'^ 
would  form  metallic  chains  each  with  Si— K  bond 
lengths  of  3.3  A.  (Subsequent  experiments  confirmed  the 
predictions  thst  the  Si— K  bond  length  is  3.14±0. 1  A 
and  that  the  Si— K  bond  is  weak, as  is  to  be  expected  of 
a  metallic  chain  model.) 

In  the  present  study  the  outerihdst  d-shell  electrons  of 
the  cations,  Hg  and  Cd,  are  treated  as  valence  electrons, 
on  the  ume  footing  as  the  bonding  s  and  p  electrons.  The 
remaining  cation  electrons  are  treated  as  a  spherically 
symmetric  core.  The  electrons  of  the  Te  anions  are 
separated  into  s  and  p  valence  electrons  and  a  spherical 
core.  The  core  charge  densities  of  all  atoms  are  obtained 
by  solving  the  Schrodinger  eqinttion  for  the  spherical  part 
of  the  total  potential;  this  is  repeated  each  self-consistent 
iteration,  lltc  inclusion  of  :he  core  charge  densities  in 
the  iteration  procedure  is  esaential  for  obtaining  accurate 
potentials  and  d  bands,  since  the  d  orbitals  have  their 
sharp  maxima  Jeep  in  the  cure  region.  That  is,  a  frozen- 
core  approximation  does  n';t  produce  adequately  accu¬ 
rate  potentials  and  bond  lengths.  For  the  Hgo.5Cdo.5Te 
alloy  we  use  the  same  microcrystal  model  as  that  used  by 
Hass  and  Vanderbilt.^  Two  geometric  parameters,  a  and 
w,  are  adjusted  to  obtain  the  equilibrium  lattice  constant 
of  the  alloy,  04,,  which  is  obtained  from  .\-ray-diffraction 
data  and  is  a  linear  interpolation  of  the  lattice  constants 
of  HgTe  and  CdTe.  We  use  the  same  microcrystal  unit 
cell  for  HgTe  and  CdTe,  but  fix  u  so  that  Te  atr'ms  are  at 
tetrahedral  lattice  points.  As  is  usual  in  recent  theoreti¬ 
cal  bar.'i-structure  and  total-energy  calculations,  we  u;e 
two  special  points'"*  to  approximate  the  integration  over 
the  first  Brillo'iin  zone.  Relativistic  effects,  except  spin- 
orbit  interactions,  are  included  for  all  atoms. 


IV.  RESULTS 
A.  HgTe  and  CdTe  cryitaU 

We  determined  the  zero-temperature,  zero-pressure 
lattice  constant  ^  of  HgTe  to  be  6.4SS  A  [or 
dniTtlO)* 2.795  A),  in  comparison  with  the  room- 
temperature  experimental  value  of  6.459  A  (Ref.  18)  (or 
2.797  .A).  Similarly,  the  calculated  lattice  con¬ 
stant  of  CdTe  is  6.496  A  (</ejT«(l^“2.8l3  A),  versus 


6.480  A  [dcjf,{I)=i!.806  A]  measured  at  room  tempera¬ 
ture.'^  These  lattice  constants  were  obtained  by  fitting 
calculated  total  energies  versus  unit-cell  volumes  to 
Murna"’ian’s  equation  oBface,  ” 

Eiy)=lBoy/B'o)Uyo/yf^'+B'o-l]AB'o-\) 

+ const . 

Here,  Ky  is  the  equilibrium  volume;  Bq  is  the  bulk 
m..Julus  and  Bq  is'its  derivative. 

Our  calculated  derivatives  of  the  bulk  moduli  ff  b^^Vtth 
respect  to  pressure,  B'q,  are  in  good  agreement  with  avatb 
able  data,  being  6.85  for  HgTe  and  6.70  for  CdTe,  versus 
6.4±0.6  measured  at  room  ternperature'®  for  CdTe.  We 
find  bulk  moduli  Bg  of  0.64  and  0.47  Mbar  for  HgTe  and 
CdTe,  compared  with  ex perimeh tab  values  of  0.42  Mbar 
(at  room  temperature)  (Ref.  21)  and  0.4'f  Mbar  (at  77  K) 
(Ref.  22)  for  CdTe  and  0.43  .VIbar  (at  room  temperature) 
for  HgTe.  Hass  and  Vandernilt^  obtained  bulk  moduli  of 
0.047  and  0.13  Mbar  for  HgTe  .and  CdTe,  using  an  abini- 
iio  method  which  confined  d  electrons  to  their  atomic 
cores.  We  also  calculated  the  zone-center  optical-phonon 
frequencies.  They  are  3.32  and  3.96  THz,  respectively, 
for  HgTe  and  CdTe,  compared  with  experimental  values 
of  .*.64  and  4.20  THz.*'  Our  calculations  employed  9747 
plane  waves  to  expand  the  interstitial  parts  of  the  basis 
wave  functions.  For  the  nonspherical  parts  of  the  charge 
densities  and  potentials,  72SS7  plane  waves  were  em¬ 
ployed. 

B.  Hp.,.,Cd«.5Tc  alloy 

For  the  HassiVanuerbilt  microcrystal  model  of 
average  lattice  constant  of  6.472 
A  (^,v(*'2-802  A),  essentially  the  same  as  the  value  ex¬ 
tracted  from  measurements  of  HgTe  and  CdTe,  com¬ 
bined  with  Vegard’s  Jaw:  =0) 

— 0.5dcdTf|*  ^*2.801  .A  (or  6.470  .A  for  the  lattice 
constant).**  Hass  and  Vanderbilf^  also  did  well  in  com¬ 
puting  the  lattice  constant,  having  been  off  the  experi¬ 
mental  value  by  only  0.5%  for  Hgo.5Cdo.5te.  However, 
their  result  was  predicted  by  an  adjusted  ‘heqry  that 
treated  the  d  electrons  phenomenologically  and.  by  con¬ 
struction,  was  e,xact  for  HgTe  and  CdTe.  In  contrast,  the 
pseudofunction  method  described  here  is  a  fully  a  priori 
theory.  We  curvxpuie  local  bond  lengths  in  the  alloy  of 
‘/(iiT.t-'f  “0-3)*2.795  a  and  dcdT.iO-5)»2.810  A.  The- 
difference  “O-^)  0-015  A, 

close  to  the  experimertal  difference  of  0.01  A  in 
‘^CdTelll“’‘^HsT«'-0)-  The  bond-length  relaxation  parame¬ 
ter  f  is 

dHgTe-.x  »0.5)~dcdT,(<  ”0-5) 
<f,„T.(Jt=*0)-dcdT,(^*l> 

which  is  calculated  to  be  e>0.83.  From  the  EX.AFS  re¬ 
sults  of  Pong  and  Bunker*  on  a  number  of  pseudobinary 
ternary  semiconductor  alloys,  ( typically  lies  in  the  .-ange 
0.6-0.8,  but  for  Hg|_j,Cd,Te  .seems  to  be  near  unity. 
Hass  and  Vanderbilt  obtained  f=5.8  and  3her  et  al. 
found  e*2. 
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IV.  DISCUSSION 
A.  Bond-length  relaxation 

The  present  calculations  reduce  the  uncertainty  in  the 
calculated  a-priori  bond  lengths  in  Hgi.j^Cd^^Te  alloys  to 
about  0.01  A  from  0.3  A.  As  a  result,  our  local-density 
theory  is  consistent  with  4he  phenomenological  strain 
theory  of  Newman  et  al,,*  the  lattice-cosistant  data,*' 
and  the  EXAl^  data  of  Bunker  et  Because  our 
theory  contains  physics  absent  from  the  .models  of  Sher 
et  ai.  and  of  Hass  and  Vanderbilt,  it  implies  that  the 
theoretical  uncertainties  in  those  calculations  are  of  com¬ 
parable  magnitude  with  the  changes  in  bond  lengths  they 
predict.  Thus  the  large  bond-length  relaxations  away 
from  the  average  are  no  longer  to  be  expected  in 
Hg|-_xCdxTe,  and  the  apparent  discrepancy  between 
locai-density  theory  and  both  the  data  and  Newman’s 
theory  is  removed. 

We  believe  that  the  large  uncertainties  of  the  theories 
of  Sher  e;  a/,  and  Hass  and  Vanderbilt  are  due  to  th«r 
introduction  of  non-seif-consistent  phenomenological 
n^uisive  potentials,. a  common. feature  of  both  theories. 
These  potentials  are  adjusted'to  produce  the  observed  lat- 
ticf  consunts  of  Hgte  and  CdTe.  (In  the  Hass- 
Vanderbilt  theory,  the  zone-center  optical-phonon  fre¬ 
quencies  were  fitted  as  well.)  It;  *he  model  of  Sher  et  ai, 
this  phenomenological  potential  is  rooted  in  Harrison’s 
theory  of  the  totjil  energy”  and  accounts  for  the  repulsive 
interactions  between  eleetronic  charges.  In  the  H^'s- 
Vanderbilt  theory,  the  repulsive  potential  compensates 
for  having  confined  the  d  waves  to  the  atomic  cores. 
Such  a  potential  may  be  adequate  for  the  perfect  cr>'stals 
where  all  atoms  occupy  perfectly  tetrahedral  sites,  but  it 
should  be  regarded  with  suspicion  in  alloys — especially 
for  calculations  of  bond  lengths  of  four-digit  accuracy. 
W’e  believe  that  our  approach,  with  an  a  priori  self- 
consistent  potential,  is  preferable  for  calculations  requir¬ 
ing  accurate  bond  lengths. 

B.  Charge  transfer 

The  anomalous  bond-length  relaxation  found  by  Sher 
et  ai  and  by  Hass  and  Vanderbilt  was  attributed  by  them 
to  electronic  charge  transfer  from  Cd  to  Hg,  which  pur¬ 
portedly  destabilizes  the  Hg— Te  bond. 

We  have  calculated  the  charges  inside  muffin-tin 
spheres  of  radius  1.4  A  for  cations  in  HgTe,  CdTe.  and 
;Te,  and  find  them  all  to  be  the  same,  within 
0.001  electron.  The  charge  in  a  Te  mufrin-tin  sphere  of 
Hgo.jCd0.5Te  is  the  same  as  the  average  for  HgTe  a.id 


CdTe,  to  within  O.60I  electron.  [The  Te  charge  in  CdTe 
is  .slightly  larger  than  in  HgTe,  due  to  the  larger  vPauling) 
ionicity  of  CdTe.]  Thus,  (it  the  ionic  charges  are  deter¬ 
mined  primarily  by  nearest-neighboring  bonding,  lii)  a 
virtual-crystal  model  of  the  Hgi_;,Cd,Tc  electronic 
structure  is  appropriate  for  the  uppermost  valence  and 
the  lowest' conduction  bands,**  and  liii)  we  find  no  evi¬ 
dence  of  anomalous  or  large  charge  transfer  in  the 
Hgi_,Cd.,Te  alloy.  (Wei  et  ai  reach  a  qualitatively 
similar  conclusion.”) 

In  summary,  we  believe  that  the  extra  self-consistency 
of  our  calculations,  compared  with  previous  ones„Jimits 
the  charge  transfer  to  0.(X)1  electron.  Furthermore,  the 
proper  treatment  of  d  electrons,  their  orbitals,  and  their 
hybridization  with  s  and  p  valence  electrons  is  an  impor¬ 
tant  feature  of  our  approach.  These  two  featuies  com¬ 
bine  to  reduce  the  thvorctical  uncertainty  for  our  local- 
density  calculations  and  to  provide  a  modicum  of 
justification  for  theories  such  as  that  of  Newman  et  ai 
which  neglect  charge  transfer  and  consider  only  internal 
strains  for  computing  bond  lengths  in  alloys. 


V.  CONCLUSIONS 

Our  ab  initio  pseudofunctiqn  total-energy  calculations, 
which  treat  the  d  electrons  of  Hg  and  Cd  atoms  self- 
consistcnily  and  on  the  same  foot!'  g  as  valence  s  and  p 
electrons,  are  able  to  obtaiti  the  Kg— Te  and  Cd— Te 
bond  lengths  in  HgTe,  CdTe,  and  Hg.,  fCdo.jTe  accurate¬ 
ly  to  within  a  few  tenths  of  a  percent.  Our  results  show 
that,  to  a  good  approximation,  the  Hg— Te  and  Cd— Te 
bond  lengths  are  constant  in  Hg|_^Cd,Te  alloys,  and 
that  any  bond-length  relaxation  is  very  sn..  !1  indeed. 

A  muffin-tin  charge  transfer  analy.sis  shows  that  charge 
transfer  from  Cd  atoms  to  Hg  atoms  in  Hgo.jCd(.,.jTe  is 
insignificant,  about  0.001  electron.  Within  the  applicabil¬ 
ity  of  the  micro-crystal  model  for  Hg,_,Cd^Te  alloys, 
our  results  indicate  that  the  properties  of  the  nearest- 
neighbor  bonding  of  the  limiting  crystals  HgTe  and  CdTe 
are  virtually  preserved  in  these  semif.|ondUcting  alloys. 
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The  anomalous  Curie-constant  data  for  Cd^.^Mn^Te  alloys  are  explained  in  terms 
of  spin-polanzation  of  the  valence  band  i  and  j>  states  by  Mn.  The  theory,  which  is 
based  on  an  s  priori  spin-unrestricted  pseudofunction  local-density  approximation, 
illustrates  the  consequences  of  Rund*s  first  rule  in  solids. 


1.  Introduction 

Recent  magnetic  susceptibility  measurements  of  sine- 
blende  Cd^.x^^x'^*  alloys  reveled  Curie-law  behavior, 
but  with  anomalous  Curie  constants  that  did  not  fol¬ 
low  the  expected  dependence  on  alloy  composition  x  for 
x>0.4  (1). 

C  »  A  X  S(S-t-l).  (1) 

Here  A  is  a  constant  and  S  is  the  spin  of  the  Mn  ion, 
which  is  5/2  for  the  free  Mn'^^  ion  in  the  (Jd)5  con¬ 
figuration,  according  to  Hund’s  first  rule  (3j.  For  small 
Mn  concentration  x,  Spalck  et  al.  found  the.expected 
behavior,  Ca.4xS(S+l),  with  a  spin  almost  equal  to  the 
free-ion  value.  S  s  2.47  ±  0.05.  for  Cd^.^Mn^Te.  How¬ 
ever,  the  Curie  constants  increa.<ied  above  their  expected 
linear  dependence  on  x  for  high  Mn  concentrations. 

2.  Effective-spin  and  Hund’s  first  rule 

In  this  paper,  we  shall  present  calculations  which 
explain  the  anomalous  super-linear  x-dependence  of 
the  Curie  constants  of  Cd^.^Mn^Te  in  terms  of  spin- 
polarization  of  the  valence  bands  by  Mn.  Wu  shall'write 
the  Curie  constant  as 

C  =  AxS(x)(S(x)-rll.  (2) 

where  we  have  the  effective-spin 

S(x)  =  (5/2)  -1-  q(x)/2.  (3) 


The  valence-band  spin-polarization  ftutetion  q(x)  can  be 
interpreted  as  the  number  of  additional  spina,  beyond 
the  five  spins  associated  with  the  d-electrcns.  in  the 
vicinity  of  a  Mn  nucleus  of  zinc-blende  Cdi.^Mn^Te. 
Note  that  zinc-blende  Cdj.^Mn^Te  has  not  bvC!,  grown 
for  X  >  0.7  (1],  but  extrapolation  to  x»l  (hypotheti¬ 
cal  MnTe)  of  a  leut-squares  fit  of  Spalck's  data  pro¬ 
duces  an  experimental  value  ?7^(xbI)  b  1.2.  More¬ 
over  hexagonal,  NiAs-structure  MnTe  exists  with  a  mea¬ 
sured  spin-polarization  function  of  *  0.16 

(3].  (The  smaller  value  of  q  may  be  attributed  to 
the  larger  Mn-Te  separation,  2.91  A  in  the  NiAs  crys¬ 
tal  structure,  versus  2.73  A  in  the  zinc-blende  struc¬ 
ture.)  Hence  both  hexagonal  and  hj’pothclieal  zinc- 
blende  MnTe  have  "extra”  electronic  spins  at  each  Mn 
site  than  can  come  from  Mn  d-clsctrons.  Clearly  this 
spin  must  be  usociated  with  spin-polariz-d  t  and  p  va¬ 
lence  electrons.  While  there  exist  other  calculations  of 
the  electronic  structure  of  MnTe  (4-7),  to  our  knowledge 
none  of  those  calculations  have  pro,iuccd  the  significant, 
spin-polarizatio’;  necessary  to  explain  the  susceptibility 
and  Curie-consuiit  data. 

In  this  paper,  we  report  such  a  calculation,  based  on 
the  local-density  approximation  [S]  as  implemented  with 
the  pseudofunction  method  [9j,  which  we  have  mod¬ 
ified  to  handle  spin-polarization.  The  ii._sic  physical 
idea  underlying  the  calculation  is  Hund's  first  rule  [2|; 
A  Mn  atom  in  Cd^.^Mn^Tc  will  adopt  a  ground  state 
that  maximizes  its  total  spin  S(n).  .Although  this  rule 
strictly  applies  only  to  free  magnetic  atoms,  it  must 
have  an  analogue  in  solids.  With  this  in  mind,  we 
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have  developed  our  local-density  thcor}'  with  a  spin- 
dependent  basis  set  that  naturally  allows  h>'pothetical 
zinc-blende  MnTe  to  adopt  a  lowest-energ)’  Mtiferro- 
magnctic  fiouhd  state  of  arbitrar}*  spin-polarization  in 
e^h.atonuc  cell. 

Ncutrsd  alomjc  hin  adopts  a  ground- 

state  coiifi^ration,  with  its  shell  being  closed  and 
spinless.  The  Sd  electrons  of  atomic  Mn  all  have  parallel 
spins,  according  to  Hund's  first  rule:  maximizing  the  to¬ 
tal  spin  requires  a  highly  symmetrized  spin  state,  and  an 
orbital  wave  function  tha:  minimizes  the  electrons*  mu¬ 
tual  Coulomb  repulsion  [3].  A  similar  correlation  effect 
exists  in  solids,  although  the  electronic  configuration  is 
more  complicated  due  to  coupling  between  atoms;  the 
dominant  configuration  in  zinc-blende  .MnTe  [1(>,11]  is 

(5dT)S(.f.,T)(^pT). 

In  atomic  Mn  tlit  spin-7/2  configu¬ 

ration  lies  at  too  high  an  energy*  relative  to  the  8pin-5/2 
(5dt  )(^s)-  configuration,  and  so  does  not  contribute  ap¬ 
preciably  to  the  ground  state,  even  though  it  has  a  larger 
spin,  But  in  condensed  matter  this  large-spin  configu¬ 
ration  has  to  be  considered  for  the  ground  state  because 
the  energy  necessary*  to  transfer  an  $  valence  electron  to 
a  prstate  is  small.  (This  is  analogous  to  the  ease  of  C, 
which  assumes  the  (ls)2(2s)2(fp)2  atoihic  ^und-state 
confirmation,  but  finds  a  lower  energy  in  condensed 
matter  by  fuming  sp^  bonds  from  the 
configuration.)  In  fact,  the  ground  state  of  hln  in  MnTe 
is  a  linear  combination  of  configurations,  including- the 
spin-polarized  configuration  Ibe 

closed-shell  configuration  as  well  u  others. 

Our  calculations  show  that  such  a  spin-polarized  state 
has  a  lower  total  energ}*,  as  expected  from  Hund's  first 
rule. 

3.  Method  of  calculation 

We  use  the  pseudofunction  method  [9]  together  with 
local  spin-density  theort'  [S]  to  compute  the  electronic 
structure  and  ground  state  energy*  of  zinc-blende  MnTe, 
Cdo.5Mno.5Te,  and  Cdo.75Mno.25Te.  This  method 
has  correctly  predicted  the  0.5  Bohr  magneton' spin- 
saturation  magnetization  of  Ni  (12]  and  has  been  ap¬ 
plied  successfully  to  a  number  of  problems  concerning 
noh-magnetic  semiconductors  (13,14). 

Using  a  uni:  cell  containing  two  Mn  atoms  and  two  Te 
atonu  (4)  to  d-tcribc  MnTe,  we  considered  ’-oth  antifer- 
runiagnetic  {AF}  and  ferrom.a.mvtic  (F)  phases  of  Mn, 
by  aligning  the  spins  on  nearest-iu.-ighbor  Mn  ions  either 
antiparallel  (AF)  or  parallel  (F).  Our  total-ciiorg;.’  cal¬ 
culations  favored  the  (known)  AT  giound  state  by  0.17 
eV/miilccule,  with  a  Mn-Te  bond  length  of  2.G3  A  (as 
compared  with  the  experimental  value  of  2.73  k  (4,15j), 
an  intlication  that  the  calculations  !tad  adequately  con¬ 
verged  to  orreri  physics  [lC.17j.  The  resultir^  conduc¬ 
tion  banci»,  when  proj'  Cied  onto  a  particular  Mn  site, 
were  highly  spin-polaii.‘i  d.  c.  result  that  we  h.'i.l  not  an¬ 
ticipated. 

We  repeated  the  cidcuhitions  for  CdQ  jMi  i.  -e  and 
^^0.75^^"0.25T*i  using  tlie  standard  pcrhiun  micro- 


crs’stal  models;  an  eight-atom  unit  cell  with  the  (001)- 
superlattice  structure  and  a  sixt«.-<>n-atom  unit  cell  with 
the  luzonitc  structure,  respectiveiv  (14,iS|. 

4.  Results 

By  summing  the  net  .'pin-dimsity  of  the  localized 
p,  and  i  orbitals  centen’d  on  a  .Mn  atom,  wc  dete^ 
mined  the  valence-band  spin  polarization;  >7(1)  s  1.30, 
•7(0.5)  =  0.36,  and  t}(0.23)  *  0.04.  The  minority-spin 
d-electrcns  actually  contribute  a  small  negative  amount 
to  •7(x). 

We  compare  the  results  of  our  a  priori  calculations 
for  the  spin  S(x'  in  a  Mn  cel!  with  data  in  Fig.  1.  The 
smooth  line  for  S(x)  ia  obtained  by  fitting  to  a  parabola 
the  calculated  spin  S(x)  for  three  -.'iducs  of  x:  xsl,  0.5, 
and  0.25.  The  resulting  parabola  is  S(x)s:SQ.fax-Hbx-, 
with  SQs3.4i,  aaO.34,  and  bssQ.nO.  Noir.  the  excellent 
agreement' between  the  a  prior  i^theory  <>•  d  ::ie  data. 

Initially  our  studies  of  MnTe  and  Cd^.^Mn^Te  were 
motix-ated  not  by  a  desire  to  understand  magnetie  sus- 
ceptibility  and  Curie-constant  data  but  by  phoioemis- 
sion  experiments  (10,11).  Our  spin-unpolarized  calcula¬ 
tions  produced  density  of  states  spectral  features,  for  the 
d-bands  in  particular,  that  agreed  with  previous  theo¬ 
ries  (4-7)  but  disagreed  with  the  data  by  tx'pically  > 
leV.  The  introduetion  of  spin-polarization  produced  (i) 
d-related  photoemission  peaks  15.  I  C.  and  O.S  eV  below 
the  valence  band  maximum  (in  agreement  with  the  data 
(10,11)),  (ii)  inverse  photoemission  spectra  with  the  rel¬ 
ative  positions  of  p.  and  d  features  in  agreement  with 
the  data  (10,11),  and  (iii)  triply-peaked  Te  Ss  partiid 
densities  of  states  induced  by  spin-ptdarization,  again 


Fig.  1.  Effective  total  spin  S(x)  of  a  Mn  atom  in  zinc- 
blende  Cdr.^Mrij-Te  versus  .Mn  concentration  x.  The 
solid  line  is  the  parabolic  interpolation  of  the  a  priori 
calculations  for  x=l/4,  x=l/2,  and  x=l  (^olid  trian¬ 
gles).  Tiie  circles  arc  extracteJ  from  Curie-constant 
data  [1* 
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in  agreement  with  the  data  (10,11].  Thus  the  theoret¬ 
ical  framework  developed  to  explain  the  spectroscopic 
data  explains  the  magneiie  properties  of  these  materials 
as  well. 

One  might  ask  why  the  present  theory  produces 
such  dramatic  spin-polarization  effects  when  otlier  local- 
density  theories  have  not.  We  beiieve  that  the  difference 
in  theories  ultimatel>’  is  traceable  to  the  basis  sets.  The 
pseudofunction  basis  allows  one  to  obtain  a  Hund’s-rule- 
like  ground  state  because  the  basis  contains  realistic  lo¬ 
calized  spin-unrestricted  states.  Plane-wave  basis  sets 
emphasize  the  uiterstitial  regions  of  a  crystal,  ^d  so, 
many  plane  waves  are  required  to  describe  a  localized 
d-function.  To  test  our  hypothesis  that  the  difference  in 
the  results  of  the  pscudofunction  and  plane-wave  meth¬ 
ods  is  attributable  to  the  basis  sets,  we  restricted  our 
basis  orbitals  to  be  the  same  for  spin-up  and  spin-down 
electrons.  As  expected,  wc  reproduced  the  principal  d- 
band  feature  at  -2.4  eV  below  the  valence  band  maxi¬ 
mum  found  in  previous  plane-wave  implementations  of 
local-density  theory  (4.5|;  this  feature  lies  «1  eV  lower 
in  our  unrestricted  pscutlofunction  calculation  and  in 
the  data.  Hence  we  concluded  that  charge  transfer 
involving  orbitals  with  different  spins  is  important  in 


Cd|.j(Mn^Te  and  that  such  charge  transfer,  since  it  in¬ 
volves  loc^izcd  d-states,  is  better  hwdled  in  a  p^udo- 
function  basis  than  in  a  plane-wave  basis:  The  pseudo- 
function  method  handies  the  spin-polarization  and  the 
physics  of  Hund's  first  rule  in  a  tiatiiral,  transparent 
way. 

t'l.  Conclusion 

The  anomalous  non-linear-in-x  Curie  constants  of 
Cdi-j(Mn,(Te  alloys  are  attributed  to  spin-polarization 
of  the  valence,  electrons  by  the  Mn.  The  amount  of 
valence  spin-polarization  is  correctly  predicted  by  a  pri¬ 
ori  spin-polarized  pseudofunction  local-density  theory. 
This  theory  also  correctly  pritdi'-ted  that  the  ground 
state  of  MnTe  is  antiferromagnetic  and' removed  a  num¬ 
ber  of  significant  discrepancies  between  previous  theo¬ 
ries  and  photoemission  and  inverse  photoemission  spec¬ 
tra. 
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The  new  magnetotransport  and  magneto-optical  propertics,pf  the  semimagnetic  Cdj  _,Mn;,Tc 
semiconductor  alloy  series  depend  critically  on  the  nature  of  the  Mn-derived  states.  We  examine 
here  the  electronic  structure  of  these  alloys  with  a  combination  of  inverse  photoemission 
spectroscopy,  core-level  photocmissipn  line-shape  .analysis,  valence-band  resoiirmt 
photoemission,  and  local  den.-.ity  pseudofunction  theory.  The  spectroscopic  data  reflect  the  local 
Mn-Te  coordination  and  are  in  remarkable  ag>eement  with  our  one-electron  calculations.  We, .see 
no  evidence  of  Mn-derived  d  states  in  the  gap,  and  observe  an  experimental  d  \-di  exchange 
splitting  of  8.4  +  0.4  eV,  i.o.,  almost  twice  as  large  .as  expected  from  earlier  theoretical  estimates. 

The  ground-state  configuraiioi.  of  Mn  in  the  solid  is  primarily  {d  t  )(JT)(pt ),  and  the  super- 
exchange  interaction  has  an  important  role  in  determining  the  stability  of  such  a  configuration 
relative  toj(</t)V. 


I.  INTRODUCTION 

Ternary  semimagnetic  semiconductors are  alloys  in 
which  magnetic  atoms  such  as  Mn  randomly  replace  some  of 
the  cations  in  a  II-VI  semiconductor  lattice.  The  new  phe¬ 
nomena  that  this  class  of  materials  bring  to  semiconductor 
science  stem  from  the  spin-spin  exchange  and  super-ex¬ 
change  interactions*' '■*  that  involve  the  magnetic  moments 
localized  on  the  substitutional  magnetic  impurity,  and  the 
band  and  impurity  states  of  the  II-VI  host.”  Such  interac¬ 
tions  result  in  large  g  factors,  giant  magnetoresistance,  large 
values  of  the  Faraday  rotations,  and  novel  magnetotransport 
and  magneto-optical  properties.'* 

Critical  parameters  to  model  and  understand  the  proper¬ 
ties  of  tliese  materials  are  the  ground-state  energy  of  the  Mn 
3d  ■'  conf.guraiion.  the  3d  hybridization  will;  anion-derived p 
States,  the  Coulomb' correlation  energy  of  the  Mn  3d  elec¬ 
trons.  and  the  magnitude  of  the  .super-cxch:j".ge  interaction. 
Gunnarsson  et  cr/.*'  recently  pointed  out  lU  a  stimulating 
paper  the  ;..  liiliiciilties  involvc.l  in  cal:  dating  ab  initio 
the  rci:orm.;Iii:cd  Coulomb  integrals  in  Anderson’s  Hamil¬ 
tonian  for  th-  •.onmeialli-  systems  of  interest  here.  Experi¬ 
ment  has  to  pii'vtdetheelectronic  information  indispensable 
to  model  the  properties  of  these  materials  an.l  test  the  theu- 
retica!  tipproximations. 

In  tliis  paper  we  e.xamine  the  prototypical  Cd,  _  ,  Mn,Te 
alloy  .sysi;  -r.  Wc  have  de.scribcd  in  a  recent  review'  the  con¬ 
troversy  thfi  surrounds  the  po.sition  and  character  of  the  d 
states  in  this  .>.ystem  and  emphasized  how  inverse  photoemis¬ 
sion  may  provide  a  crucial  test  of  the  calculations  of  the 
Coulomb  interaction  by  sampling  the  density  of  unoccupied 
electron  states  above  the  Fermi  level  £/-.  Here  we  present 
what  is,  to  our  knowledge,  the  fir:  investigation  of  the  excit¬ 


ed  electron  states  of  a  semimagnetic  semiconductor  by 
means  of  inverse  photoemissicn  spectroscopy.  We  also  e.\- 
tend  earlier  phoioemission  spectroscopy  studies  of  the  elec¬ 
tronic  structure,  and  interpret  the  data  in  the  liyht  of  new 
self-consistent  local-density  pseudofnnetion  ci.lculations  for 
zinc-blende  MnTe,  Our  results  fote'e  a  critical  reevaiuation 
of  many  current  ideas  about  the  electronic,  configiir.iiion  of 
Mn.  the  magnitude  of  electron-electron  correlation,  •■nd  the 
validity  of  the  one-electron  approximation  in  ternary  “^emi* 
magnetic  semiconductors.  A  short  summary  of  selected  re¬ 
sults  has  been  reported  earlier. 

It.  EXPERIMENTAL  DETAILS 

The  crystals  used  in  the  present  studies  were  grown  at 
Purdue  University  through  a  mod-lied  Bridgman  method, 
and  eharacterizid  through  x-ray  diffraviion  and  x-ray  mi¬ 
croprobe  analysi:-  as  to  crystallographic  pliasv  .:nd  Mn  con¬ 
tent.  All  results  were  obtained  on  single-plmsu  single  crys¬ 
tals  cleaved  in  si:::  (x  =  0,  0.20.  0..'5,  (•  45  ::nd  0.00)  in  a 
suitable  speciiometer  at  operating  p-.s.  tires  of  about 
—  5>:  10  ■ "  Torr.  The  data  suinni:.r:zcd  heic  have  been  ob¬ 
tained  from  a  number  of  cleavage  -urfaces  of  .ariable  quali¬ 
ty.  ranging  fre-a;  highly  disordered  to  fiat  in  iirorlike,  sur¬ 
faces.  The  data  appear  independent  of  cleave  quality  and 
provide  informatii'ii  on  the  bulk  electronic  structure. 

Invense  photoemission  measurementt.  verc  performed  di¬ 
recting  a  coi'imaied  monochromatic  electron  bcaTi  at  the 
cleaved  surface  and  monuchromatiziirg  theemitteci  photons 
with  a  ().5-m  Rowland  -.  rcle  monochroimitor  '■  itii  a  qin.rtz 
grating  and  a  microchaiinelplate  detector.”  The  combina¬ 
tion  of  the  monocl'.romator  and  a  self-supporting  A'  filter 
allowed  only  photons  with  cnegy  /;••  =  14S6.6  eV  to  reach 
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'the  detector.  The  energy  of  the  emitted  photons  is  deter- 
^-mined  by  the  radiative  decay  of  the  incoming  electrons  from 
initial-state,energies  £,  of  the  solid  to  final  empty  states  at 
energy  Ef(.hv  —  E,  —  Ef).  The  final-state  energies  were 
scanned  by  varying  the  accelerating,  voltage  of  the  Pierce- 
type  electron  gun  while  keeping  constant  the  monochroma¬ 
tor  pass  energy.  The  resulting  spectra  provide  information 
on  the  total  density  of  final  states  £/  weighted  by  an  optical 
emission  cross  section  that  is  a  time-reversed  photoemission 
cross  section.  This  experimental  technique  has  historically 
been  termed  bremsstrahlung  isochromat  spectro- 
scopy'^fSIS)  and  is  finding  application  in  theanalysis  of  the 
excited  electron  states  of  metals,  semiconductors,  and  solid 
surfaces.  ”  The  overall  energy  resolution  of  the  spectrometer 
was  ~0.7  eV,  as  detetmined  from  the  experimental  width  of 
the  Fermi  level  cutoff  in  the  BIS  spectra  from  Mn  or  Au 
thick  films  evaporated  in  situ  on  the  sample. 

Photoemissibn  measurements  were  performed ‘at  the 
Synchrotron  Radiation  Center  of  the  University  of  Wiscon- 
sin-Madison.  Monochromatic  synchrotron  radiation  ob¬ 
tained  using  a  3-m  toroidal  grating  monochromator  and  the 
800-MeV  electron  storage  ring  Aladdin  was  focused  on  the 
sample  at  an  angle  of  ~45*  from  the  sample  normal.  Angu¬ 
lar  integrated  photoelectron  energy  distribution  curves 
(EDO’s)  were  obtainedTqr  4C/<Av<120  eV  by  means  of  a 
commercial  hemispherical  energy  analyzer.  The  overall  en¬ 
ergy  resolution  (0.I5-0.4S  eV)  and  the  position  of  the  Fermi 
level  were  measured  with  the  same  method  employed  in  the 
BIS  experiment. 

ill.  RESULTS  AND  DISCUSSION 
A.  Valence  band 

The  use  of  synchrotron  radiation  photoemission  allows 
one  to  choose  photon  energies  in  the  region  of  the  Mn 
Ip— Id  transition  and  examine  the  Mn  Zd  contribution  to 
thewalence  bands.  Resonant  photoemission  at  the  Mn  Zp-Zd 
threshold  yields  a  characteristic  enhancement  of  the  Zd  cross 
section  at  resonance  (50  eV)  versus  antiresonance  (47  eV) 
that  reflects  the  quantum-mechanical  equivalence  of  differ¬ 
ent  processes  leading  from  the  ground  state  to  the  same  final 
state.  We  pioneered  the  use  of  this  method  to  examine  ter¬ 
nary  semimagnetic  semiconductors,*"  and  more  recently  the 
same  method  has  been  applied  by  us  and  by  other  authors  to 
Cd|  _  .,Mn„Te.‘''’*'*'  One  process  is  the  direvft  excitation; 

Zp*'ZdH{sp)'  +  hv—Zp*'Zd*^sp)'€f. 

The  second  process  involves  a  Zp  core  excitation  and  a  super 
Coster-Kronig  decay: 

Zp^Zd^Aisp)'  +  hv—Zp^Zd*'4{sp)'  —  Zp*'Zd*{sp)'ef. 

The  interference  of  the  two  processes  yields  a  characteristic 
Fano  line  shape  in  the  overall  excitation  cross  section. 

Two  methods  used  to  analyze  tlie  Zd  contribution  to  the 
valence  density  of  states  (DOS)  involve  ternary-binary  va¬ 
lence-band  EDO  difference  curves'  and  rcsonance-antire- 
sonance  EDO  di.'Terence  curves.'*  In  Fig.  1(a)  we  show  an 
application  of  the  first  method  to  a  Cd„,};Mn„4}Te  alloy. 
Sped. a  for  the  ternary  alloy  and  for  CdTe  at  !v.onance 
(/iv  =  50  e\')  have  been  normalized  to  the  integrate;  inten¬ 


Fio.  1.  {«)  Tem*r>’-bin*r>’  difference  curve  for  the  valence-band  emis¬ 
sion  of  Cd,,..Mn„4,Te-CdTe  at  the  .Mn  resonance  (/ir*  50eV). 

(b)  Resonj.i-.c-antiresonance  difference  curve  {itv  «  Jt'  and  47  cV)  for 
Cd,,,..  Mn,,..  Te  emphasizing  the  Mn  3d  contribution  to  the  valence  band. 

(c)  Resonance-antircsonance  difference  curve  ( Av  =>  50  ane  47  cV)  for 
Cd„HiMn„;„Te.  (d)  Theorctic.-d /-projected  density  of  st:ti.-  showing  the 
Mn  id  character  in  antiferromugnetic  zinc-bicnde  MnTc.  The  ground 
stai-e  corresponds  to  a  Mn  configuration  close  to  (if  *)'(r;)(  pt)  (— ). 
Bro:-.tening  with  a  Gaussian  instrumental  w!.-:.:'  u- function  (-  •  •)  facili¬ 
tates  comparison  ssith  experiment,  (c)  Mn  .<e  character  in  antiferromag¬ 
netic  zinc-bIcnde  MnTe  for  the  (rf  1 1 V  configuration,  (f)  Configuration 
interaction  calculations  of  the  photo-emission  final  stales  for  a  MnTe, ' 
cluster,  from  Ref.  4. 


sity  of  the  Cd  4d  cores  S'caled  by  a  ( 1  —  x)  factor  derived 
from  x-ray  microprobe  analysis,  and  subiracted  from  each 
other.  The  binding  energies  in  rig.  1(a)  arc  referroil  to  the 
top  of  the  valencc-band  maximum  £,.  as  de:':  cd  from  a  lin¬ 
ear  extrapolation  of  the  valence-baiui  edge.  The  dip  in  ;lie  9- 
1 1  eV  region  reflects  the  variation  in  the  absolute  iittensity  of 
the  Cd  4d  emission  going  from  the  ternary  alloy  to  the  bina¬ 
ry.  We  did  not  perform  a  subtraction  of  th-.*  seconJar;  h.nck- 
ground  since  sue''  :t  process  yield-  arhttr.n  y  variatl''."  n  the 
relative  intensity  of  the  features  in  the  0-9  eV  rang-.-.  It.  Figs. 
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l(b)vand' lie)  we  >:tow  applications  0/  resi'  .tnee-antire- 
sonance  difTerence  curve  method  to  Gd„„Mn„4,Te  and 
GdiiwiMrioioJs  saotples,  respectively.  Such  .spectra  have 
been  obtained  front  EDO’s  at  resonance  Htv  —  50  eV)  and 
antiresdnance  ( hv  ^  47  oV )  after  normalization  of  the  spec¬ 
tra  id  the  integrated  Cd'4f/  intensity.  Such  a  iformalization 
docs  not  take  into  .iccount  the  variation  with  photon.cnergy 
of  the  Cd  4rfand  of  the  Te  emission,  both  present  in  the  9- 
1 1  eV  bindiiig-.energy  range,  or  the  sm.all  modulation  in  the 
relative  intensity  of  the  .Cd  Ad  surface/bulkcomponents.  or 
the  varying  c.\perimental  r&solutidn.  which  produce  features 
in  the  difference  curves  in  the  9.5-12  eV  binding-energy 
range. 

The  different  criteria  for  normalization  notwithstanding, 
Eigs.  1  (a)-l  (c)  are  remarkably  consistent.  The  Mn  3r/ con¬ 
tribution  gives  rise  to  a  dominant  emission  feature  3-.5  eV 
below  £,,,  a  smaller  low-binding-energy  shoulder  in  the  0-2 
eV  range,  a.'id  a  broad  satellite  in  the  6-9  range.  T  .t  results 
of  Figs.  1  (bj  and  I  (e)  are  in  agreement  with  those  of  Refs.  4 
and  21,  and  similar  to  what  has  been  found  for  the  selenide 
and  sulfide  scries.'*'"  The  lack  of  an  important  concentration 
dependence  of  the  .Mn  Id  features  suggests  that  they  mostly 
reflect  the  constant  Mn-Te  bonding  situation.'*'*' 

Previous  local  density  functional  and  tight-binding  calcu¬ 
lations  of  the.3<f  contribution  to  the  valence  states'’'*'*'''*'*  for 
MnTeand  Gdi  „,,Mn,Te alloys  showed  only  limited  agree¬ 
ment  with  photoemission  rcsi'jts.  This,  together  with  the  in¬ 
terpretation  of  optical  data,^  suggested  that  large  final-state 
effects  might  be  present,  and  stimulated  the  introduction  of 
the  configuration  interaction  cluster  model  by  Fujimori  and 
co-workers.'*  This  semiempiri'.'al  model  can  address  the 
screening  of  thc>3r/  hole,  but  cannot  incorporate  directly  Mn. 
3cf-Te  ip  hybridiziuion  effects  in  the  initial  state.  We  have 
performed  new  spin-unrestricted  local-density  calculations 
of  the  band  .structure  of  antiferromagnetic  ziitc -blende 
MnTe.  Recent  c.xtended  x-ray  absorption  fine-structure 
(EXAFS)  studies'’ -indicate  that  such  a'hypothetical  com¬ 
pound  sitould  reflect  the  same  Mn-Ts  local  coordination 
found  in  the  ternary  alloys.  The  lack  of  a  strong  compo-.::ion 
dependence  in  the  results  of  Fig.  1  suggests  that  the  3a' con¬ 
tribution  to  the  electronic  structure  should  also  be  relatively 
similar  in  the  ternary  alloy  and  in  the  binary  parent  com¬ 
pound. 

Oitr  electronic  .structure  calculations  employed  a  spin-un¬ 
restricted  ''-space  pseudofunction  method  In  the  local  den¬ 
sity  appro, ximation.  Details  on  the  method  and  a  complete 
discussion  ofthe  results  will  be  given  in  a  longer  forthcoming 
p.'iper.**  We  found  t  liat  the  ground  state  of  system  is  an  anti¬ 
ferromagnetic  p'ia.sc  of^lnTe  where  the  Mn  atomic  configu¬ 
ration  is  close  to  (d  .  ;(5t)(  />r),  as  predicted  by  Hund’s 
rule.  Relative  to  the  customary  (d  t)''(s)*  state,  the  spin 
ma.\imizati>'n  enhances  thesuper-e.schange  intcnaction  and 
modifies  the  .\In  V/  and  Tes  binding  energies.  We  show  in 
Fig.  1  (d)  th.  prelected  :d  density  of  states  for  the  ground 
state  of  .MnTe  (.solid  line).  We  also  show  (da.shcd  line)  the 
same  results  convoluted  with  a  Gaussian  (cr  =  0.30  eV)  to 
account  for  the  effect  of  the  e.xperimental  energy  re.solution. 
The  agreement  between  theory  and  e.xperiment  is  remark¬ 
able.  If  we  focus  on  Fig.  1  (a),  i.e.,  on  the  spectrum  obtained 


with  the  mor-c  accurate  tcr.-iary/binary  normalization  prpee- 
durej.3d  features  arc  observed  at  0.7,  U6,  and  3.5  eV.  Corre¬ 
spondingly.  the  onc-olectron  calculations  forec.-ist  3d  fea¬ 
tures  ;'f  O.S.  1.6.  and  3.5  eV  (Fig;  l(ci/I.  Only  the  broad 
satellite  ih  thc  6-9  eV  range  is  not  accounted  for  in  the  cafeu- 
lations'.. 

To  e.xamihe  the  importance  of  the  Mn  electronic  configu¬ 
ration  and  ofthe  resulting  additional  spin- polarization  of 
valence  and  conduction  bands,  \ve  calcul.iieci  a  MnTe  elec¬ 
tronic  structure  in  which  restriction  of  the  basis  .set  and  spin 
polarization'yiel'.!cd  a  Mn  ground-state  electron  configura¬ 
tion  closer  to  (d  ;)'‘(jf  )(ss  );sv'ith  .some  contribution  from 
the  (d  r)'(sr)(/7J),  (d  I)'‘(Jt)(  /7l).  and, (d  !)'(./»,’ )Jj7.!.) 
configurations.  The  resulting  Mn  3d  character  is  shown  in 
Fig.  1(e).  The  results  of  Ft!:.  1(e)  are  similar  to  those  of 
previous  calculations.'’'’  whicn  forecast  a  mtijor  3  V  feature  at 
2.4  eV  that  is  not  observed  e.xperimentally.  The  discrepancy 
between  our  results  for  the  gr/mnd  state  and  those  of  earlier 
calculations  will  be  discussed  in  detail  in  a  forthcoming  pa¬ 
per.  but  we  anticipate  here;that  the  increased  total  spin  in  our 
results  allows  a  simple  e.xplanation  of  the  anomalous  Curie 
temperature  ob.served  in  Cd,  _  ,.Vln.,Te  alloys.*'’ 

The  origin  of  the  6-9  eV  .satellite  is.  in  our  opinion,  still 
controversial.  Only  the  calculations  by  Fujimori*  provide 
structure  in  this.spectral  region.  In  Fig.  1(f)  we  plot  the 
result  of  the  configuration  interaction  calculation  for  a 
MnTeJ "  cluster  from  Ref.  4.  The  multiplet  lines  derive  from 
d  *  and  d  -'I  final-state  components,  corresponding  to  an  un¬ 
screened  3d  hole  or  to  a  3d  hole  screened  by  charge  1 1  ansfer 
from  a  Te  5/>-derlved  ligand  orbital  Z.  ( ir  or  a)  to  a  d  orbital 
or/-,,).  Comparison  of  Fig.  1(f)  with  Figs,  l.a)-l(c) 
shows  good  agreement,  and,  in  fact,  the  addition  of  lifetime 
and  e.xperimental  broadening*  yields  a  perfect  reproduction 
ofthee.xperimental  results  of  Figs.  1(b)  and  1(c).  However, 
the  .model  of  Ref.  4  is  semiempirical,  in  the  sense  that  the 
energy  differences  between  the  firal-istate  configurations  and 
the  lifetime  paramet-ers  in  Fig.  1(f)  are  not  known  a  priori, 
but  are  fixed  through  comparison  with  e.xperiment. 

The  cluster  model  does  forecast  a  6-9  eV  satellite  mostly 
due  to  the  unscreened  d*  final  state.  It  is  not  clear,  however, 
why  an  unscreened  satellite  of  this  kind  would  exhibit  a  rela¬ 
tive  intensity  increasing  with  Mn  concentration,  as  observed 
in  Fig.  1  and  in  a  recent  study  of  the  electronic  structure  of 
metastable  Cd,  _  ,,Mn,Te  alloys  formed  in  a  wide  range  of 
composition  through  reaction  of  Mn  thin  film  with 
CdTe(  110).  We  find  that  the  intensity  ofthe  satellite  relative 
to  the  main  .VIn  3d  3.5-eV  laturo  increases  as  C-x,  with 
C=  0.50  ±0.05  in  the  composition  range  e.xplored  (0 
<x<  0.95 ).”  At  this  stage  the  specific  origin  of  the  satellite 
remains  to  be  ascertained,  although  one  can  .state  in  general 
that  in  a  band  structure  picture  the  0.6-.  1.8-.  and  3.5-eV 
features,  should  be  assigned  to  a  fully  screened  one-electron 
final  state  while  the  6-9  eV  features  should  be  associated 
with  a  multielectron  satellite  analogous  to  the  one  o’oserved 
at  about  the  same  energy  in  MnO*''*  and  NiO.*'’ 

B.  Core  level  deconvolution 

Another  crucial  test  of  first  principle  calculations  for  ter¬ 
nary  semimagnetic  semiconductors  appears  the  influence  of 
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Fig.  2.  (a)  EDCs  for  the  Cd4rfandTe5f  emission  from  Cd|_,Mn,Te 
{x  »  0,  0.20,  0.45,  and  0.60)  at  hv  =  60  eV  for  all  samples  except 
Cdo4oMnoMTe  (Av*  57  eV).  (b)  Least-  square  St  ( — )  of  the  experi¬ 
mental  EDC  for  CdTe  (•)  i:i  the  7-13  eV  range.  Two  Cd  4rf  doublet 
shifted  0.66  eV  from  each  other  reflect  surface  and  bulk  Ad  components, 
(c)  Te  5s  contribution  to  the  EDC  for  CdTe  in  Figs.  2(a)-2(b)  after 
subtraction  of  the  Cd  Ad  contribution  from  the  overall  spectrum  ( A ).  For 
comparison  we  show  the  result  of  a  least-squares  fit  in  terms  of  a  Lorent- 
zial  function  convoluted  with  a  Gaussian  ( — ).  (d)  Te  5s  contribution  to 
the  EDC  for  Cil.,,...Mno.-,iTc  in  Fig.  2{a).  after  sii  traction  of  the  Cd  Ad 
contribution  from  the  overall  spectrum,  e)  Te  5s  contribution  to  the 
EDCfortjdo,  Mno,Te  in  Fig.  2(a).  after  .,  -.traction  of  the  Cd  4</ contri¬ 
bution  from  the  overall  spectrum,  (f)  Calculated  Te  5s  line  shape  for  the 
(<f  l)*(s;)(  pt)  ( — )and  {d  i  )-V  (-  -  -)  configuration  of. Mn  in  antiferro¬ 
magnetic  zinc-blende  MnTc. 


super-exchange  oh  the  Te  5s  states.  Comparison  of  pur  cal¬ 
culations  with  arid  without  fujl  spin  polarization,  shows  ma- 
;jor;diferences  in  the  predicted  Te  Ss  line  shape,  the  results 
are.shown  in  the  bottom-inost  section  of  Fig.  2.  For  the  re¬ 
duced  spin  polarization  in  the  (</t)’V^'case  (dxshed  line), 
theor>'  predicts  a  single  Te  Ss  feature  located  .sothe  1 1.5  eV 
below  with  a  bandwidth  of  —0.5  eV.  When  the.s,"  polar- 
ization  is  correctly  taken  into  account  (solid  line)  theor)’ 
predicts  a  5s  band  some  1.5  eV  wide,  shifted  to  higher  bind¬ 
ing  energy  and  exhibiting  structure  at  12.7,  13.2,  and  13.6. 
The  polarization  of  the  Mn  sp  electrons  in  our  result.s  yields  a 
larger  super-exchange  interaction  and  a  corresponding  in¬ 
crease  in  dispersion  and  binding  eneigy  of  the  Te  5s  states. 
This  effect  contributes  substantially  to  stabilize  the  Mn 
(dl)*(rt)(pt)  ground-state  configuration.”  As  was  the 
case  for  the  DOS,  the  results  of  earlier  calculations*’’"^-*''  are 
similar  to  those  we  obtained  for  a  (d : )  V-like  configuration 
for  Mn  in  MnTe. 

The  Te  5s  line-shape  characteristic  of  the  spin-polarized 
(</ t)*(sl)(/>t)  ground-state  configuration  appears  to  be 
the.one  we  observe,  although  comparison  with  experiment  is 
complicated  by  the  partial  superposition  ofTc  5s  and  Cd  4</ 
states  in  the  photoemission  spectra.  In  Figs.  2(a)  and  2(b) 
we  show  photoemission  spectra  in  the  9-1 3  eV-binding  ener¬ 
gy  region  for  Cd)  _  ,Mn,Te  alloys  with  x  =  0,  0,20,  0.45, 
and  0.60  and  Avss  60  eV  (57  eV  for  Cdo,4oMn„,oTe).  The 
spectra  have  been  normalized  to  the  integrated  intensity,  of 
the  Cd  Ad  cores  scaled  by  the  Cd  concentration  ( 1  —  x)  as 
deiermineti  from  x-ray  microprobe  analysis,  the  experimen¬ 
tal  EDC’s  in  Fig.  2(a)  show  a  bro*d  low-binding-energy 
shoulder  at  —9.35  eV'thai  reflects  the  Te  5s  emission  and 
exhibits  a  complex  dependence  on  the-Mn  content  x  of  the 
alloy,  in  Fig.  2(b)  we  show  a  deconvolution  of  the  Cd  Ad 
contribution  in  CdTe.  A  least-squares  fit  (solid  line)  to  the 
experimental  EDC  (solid  circles)  was  obtained  in  terms  of 
two  Ad  doublets  (dashed  lines)  shifted  0.65  relative  to  each 
other.  The  high-binding-energy  -.loublet  was  recently  ob- 
sers'ed  by  John  et  al.^  and  associated  with  a  surface  shift  of 
the  Ad  line.  John  et  al?'*  associated  the  Te  S.v  feature  with  a 
second  Cd  Ad  surface  component  shifted  in  the  opposite  di¬ 
rection.  Although  this  suggestion  and  the  arguments  pro¬ 
vided  to  support  it  are  quite  ingenious,  the  Te  5s  feature 
exhibits  a  cross  section  markedly,  different  from  that  of  the 
two  Cd  Ad  doublets,  a  lack  of  escape  depth  .  .-.itivity  that 
rules  out  a  surface-related  character,  and  an  x  dependence  in . 
the  ternary  alloy  that  rules  out  a  Cd-rclated  origin.^® 

In  the  fitting  procedure  of  Fig.  2(b)  each  Ad  doublet  was 
obtained  through  convolution  of  Lorentz.an  line  shapes  with 
a  Gaussian  function  to  account  for  the  e.\perimentai  resolu¬ 
tion.  Binding  energy,  width,  intensity,  branching  ratio,  and 
.spin-orbit  splitting  of  the  doublets  were  ad  determined  by 
the  least-squares  fitting  program,  and  are  in  good  agreement, 
within  experimental  uncertainty,’’  with  those  derived  by 
John  ft  air'*  The  two  Ad  doublets  obtained  were  then  sub¬ 
tracted  from  the  overall  EDC  tr  isolate  the  Te  5i-  contri’ju- 
tion.  shown  in  Fig.  2(c)  (solid  triangles).  The  experimental 
Te  5.t  contribution  in  the  binary  compound  is.compcllingly 
similar  to  the  one  predicted  by  theory  f.i:  the  low  spin  polar¬ 
ization,  low  super-exchange  (d  t  )'V  ease,  showing  a  single 
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emission: /cature  centered  ;.>me  9.35  eV  below  (theory; 
i  i.5  eV),  It'  we  now  use  the  fitting  parameters  obtained  for 
CdTe  and,  neglecting  alloy  broadening,  scale  down  the  Cd 
contribution  by  ( I  -  .t ).  we  can  .subtract'*  the  CJ  coni  -tbu- 
tion  from  the  ternary  alloy  EDC’s  of  Fig.  2(a).  We  show  the 
resnit  for  Cd,,«,Mn..  ...Teand  Cj,.:,.Mni,„,Te  in  Figs.  2(d) 
and  2(e),  respectiv.-.iy.  The  Tc  5.v  line  in  the  ternarvvalloy 
e.shibits  a  shift  to  high  bauling  energy  relative  to  the  binary, 
?»a  ihvease  in  bandwiditi  and  the  emergence  of  three  major 
emissioi;  features.  For  Cd„4(,  Mn„„,Te  structure  is  observed 
at  9.6,  i0.3,and  i  1  eV.  .vith  a  total  5s bandwidth  of — 2.5eV. 
This  is  in  good  agreement  with  the  general  trend  e.spected 
from  our  calculations,  'fhe  calculations,  however,  appear  to 
overestimate  the  actual  binding  energy  of  the  major  Tc  5s 
band  features. 
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Fic.  3.  (a)  llremsMrahlung  isnchronia:  (HIS)  ^peclra  iVom  CtlTe  (•) 
and  Cd,,„Ntn,...„Tti  (^).  The  eaiiduetiun-band  ininiinum  E,  is  0.9  eV 
above  the  Ferini  levels',  forCdTe,  l.2eVforCd,.Mn„;Te.  (b)  Adiffer- 
enee  curve  (G)  derived  friitn  the  BIS  spectra  of  Fig,  3(a)  is  compared 
with  the  result  ot'lival  density  runctional  calculations  of  the  total  density 
of  states  above  AV  (— )  for  antiferroinagnclic  zinc'bicnde  .MnTe.  The 
theoretical  spectrum  has  been  rigidly  .shifted  to  align  the  calculated  fea* 
tures  (vertical  bars)' to  the  e.vpernnental  ones,  (c)  Theoretical  total  den¬ 
sity  of  .states  for  antiferroinagr.etic  rinc-bicnde  .MnTe  where  .Mn  is  in  the 
artihcial  low.spin  (d ! ) V  configuration. 


C.  Cone  jctionoband  states 

The  nature  of  the  3r/  contribution  to  the  ilensity  of  states 
above  E^-  and  the  value  of  the  Coulomb  correlation  energy  iit 
ternary  semimagnetic  semiconductors  hits  been  quite  con¬ 
troversial.'  In  Fig.  3(a)  wc  show  BIS  spectra  for  CdTe  and 
Cd„«,Mn..  ;„Te  in  the0-16eV  energy  range  above  the  Fermi 
level  The  position  of  £,.•  at  the  surface  was  0.62  +,0. 1  cV 
and  0.75  +  0.1  eV  above  the  vaiencc-baiid  ma.ximum  for 
Cd„,<„Mno:,)Te  and  CdTe.  respectively.  H;:ch  spectrum  in 
Fig.  3(a)  was  obtained  as  the  sum  ofsev\.:'-.;|  quantitatively 
consisu-nt  spectra  from  differet-.t  cleaves,  and-'  ^.  responds  to 
a  total  of  some  150  h  of  data’integraiion  with  a  primary 
electron  beam  cuif.'tit  of  about  -200  riA.  Electron-beam 
induced  contamination  was  avoided,  by  obtaining  a  new 
cleave  every  ^8  h.  Although  .special  care  was  taken  to  ob¬ 
tain  reli.ible  contacts  on  each  single  crystal  with  indium  and 
conductive  epo.ny,  charging  effects  were /observed  for  all 
samples  with  .vU-Q.45.  We  were  able  to  obtain  reliable  data 
for  samples  with  .r  «  0, 0.20,  and  0.35. 

In  Fig.  3(a)  the  BIS  stictrum  for  CdTe  (solid  circles) 
shows  structure  at  4.0.  a.7,  and  9  eV  above  E/r,  superim¬ 
posed  on  a  smoothly  increasing  secondary  photon  back¬ 
ground  deriving  from  the  decay  of.  inelasticaliy  sc.;ctered 
electrons.  The  spectrum  forCdo.10Mno.20Te  (open  triangle) 
was  normalized  for  comparison  to  the  6.7-eV  DOS  feature  of 
CdTe/'  "  .A  dilference  curve  was  obtained  from  the  two  spec¬ 
tra  and  is  shown  in  an  e.xpanded  scale  ( open  squares )  in  Fig. 
3(b).  Results  for  thex  »  0.35  alloy  are  qualitatively  consis¬ 
tent  with  those  'or  thex  «  0.20  alloys  and  are  not  presented 
here.*’ The  conduction-band  minimum  £<,  e.xpected  at  0.90 
eV  for  CdTe  and  at  1 .2  eV  for  Cdo.io  MTe,"  is  seen  in  Fig. 

3(a)  as  the  end  point  of  a  tailing  of  states  e,\tending  from  2.3 
to+l.OeV. 

New  Mn-Te  related  feattires  in  the  ternary  alloys  are  ob¬ 
served  in  Fig.  3(b)  at  4.2,  10.2,  12.2,  and  13.8  eV  (open 
squares).  Analogous  feature.^  are  observed  for  the  .v  «  0.35 
alloy.’^  An  interpretation  of  these  features  is  provided  by  the 
results  of  our  pseiidofunction  local  density  calculations.  We 
show  in  Fig.  3  tc)  ( lolid  line)  the  total  DOS  above  Ef  for  the 
antiferromagnetie  zinc-blende  ground  state  of  MnTe.  For 
comparison  we  also  give  in  Fig.  3  ( c )  the  analogous  result  for 
the  reduced  spin-polarization  Mn(d  r)'Vc.'i<i:.Thecalculnt- 
ed  total  DOS  has  been  rigidly  .hifted  to  higher  bjnding  ener¬ 
gy  to  align  the  main  spectral  features  [vertical  bars  in  Fig. 
3(b)  1  to  those  observed  c.xperimentally,  in  accord  with  the 
usual  practice  of  local-density  the:;;  >•.’■*  We  observe  a  com¬ 
pelling  correspondence  between  theoretical  and  e.xperimen- 
tal  features,  /-projection  of  the  theoretical  DOS  allows  us  to 
identify  the  main  4.2-eV  feature  as  Mn  3(/-derived.  and  the 
emission  features  at  10.2, 12.2,  and  1 3.8  eV  as  primarily  asso¬ 
ciated  with  Mn p  states  with  some  admi.xture  of  Te.ti  eharac- 
ler.  We  fouitd  no  evidence  of  rf-related  emission  in  the  gap. 
Upon  deposition  of  3  A  of  unreacted  Mn  on  the  cleaved 
surface,  we  clearly  cietccted  dominant  3t/emi.ssioii  in  tl*  -  gap 
and  the  formation  of  a  Fermi  cutoff,  demonstratiita  that  our 
e.xpe'rimental  sensitivity  would  have  been  sufficient  to  detect 
Mn  3</  states  in  the  gap.  if  present.'’"" 

We  can  now  estimate  the  </  f-</l  e.xchange  splitting  from 
the  photoemission-  and  BIS-determined  position  of  the  main 
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Mn  id  features  and  the  position  of  the  Fermi  level.  We  ob> 
Minanexchangespiittin(or3.5  -  0.7  -r  4.2  »  8.4  ±  0.4eV. 
Recent  first-principle  calculations  for  Cd,,y,Mn„^,Te  al¬ 
loys^  predicted  u  Mn  3d  t:band  only  some  2.5  eV  below 
ai^  a  sli..rp  di  feature  within  2  eV  from  with  a  resulting 
d  t-di  splitting  of 4.5  eV.  Localized  muflln-tin  orbital  calcu- 
latiuj.s  for  antifcrromagneiic  zinc-blende  MnTe  by  Podgor- 
ny*'  yielded  a  value  of  4  to  4..<  cV  for  the  d  :-d!  splitting, 
^rlier  calculations  for  paramagnetic  zinc-bIcnde.MnTe  by 
'  Maseh  ei  ai'*  yielded  a  slightly  larger  value  { 5.5  eV).  All  of 
the  calculated  v.-ilues  are  substantially  lower  than  our  experi¬ 
mental  value  of  8.4  ±  0.4  eV  of  our  calculated  value  of  6.8 
eV,  which  is  24%  too  low.  In  the  ca.se  of  Mn  atoms  in  AgMn 
inlermetiiMics.*''  the  experimental  splitting  between  major¬ 
ity-  and  minority-spin  .states  was  also  found  larger  (50%) 
than  the  value  obtained  from  first-principle  calculations  (3.5 
eV). 

Better  agreement  is  encountered  with  the  results  of  earlier 
semiempirical  calculations.  Tight-binding  semiempirical  co¬ 
herent  potential  approximation  (CPA)  calculations  for 
Cd,  _  ,Mn,Te  (x«0.3  and  0.")  by  Eherenreich  el  al.^ 
fixed  the  position  of  the  d:  .states  3.5  eV  above  £„  order  to 
account  fc**  structure  in  the  optical  spectrum  of  the  alloy 
relative  to  CdTe.^^  This,  together  with  the  photoemission- 
determined  d  !  position  3.5  eV  below  £,. /yields  a  value  of  7 
eV  for  the  exchange  splitting,  similar  to  the  result  of  6.8  eV 
that  we  obtain  from  our  one-electron  calculations  after  re¬ 
normalization  of  the  s-/>  band  gap  to  the  experimental  trans¬ 
port  value  of  3.2  .eV.  The  semiempirical  cluster  model  by 
Fujimori*  fixed  the  value  of  the  Coulomb  correlatiort  energy 
to  •>  8  eV  in  order  to  fit  the  e.xperimental  photoemission  data 
[sec  Fig.  1(0).  Such  a  value  is  in  good  agreement  with  our 
BIS  results,  and  is  of  the  same  order  of  magnitude  as  those 
assumed  for  Mott  insulators  such  as  MnO  (9  eV)®  for  which 
local  density  functiotial  calculations  also  systematically  un¬ 
derestimate  band  gap  and  d  t-displitting. 

A  ccmp-irison  ofour  results  with  optical  data  should  iden¬ 
tify  transitions  from  sp  valence-band  states  to  the  unoccu¬ 
pied  d  .states,  that  our  BIS  study  puts  4.8^  OJ  oV  above  the 
valence-band  maximum  £,..  In  fact,  structure  at  4..^  cV  has 
been  observed  in  ellipsomctry  studies  of  Cd, _,Mnj,Te,’’ 
and  Kendlewicz'"  has  recently  interpreted  structure  at  4.5 
eV  in  reflectivity  measurements  as  deriving  from  sp—di 
transiiions.Our  work  clearly  supports  this  interpretation  of 
the  optical  spectra,  and  the  contention  of  Larson  el  al.*'  that 
the  optical  structure  at  lower  binding  Mtergy  (2.2  eV) 
should  be  explained  in  terms  of  standard  interband  transi¬ 
tion  in  zinc-blende  semiconductors  or  Mn'*  excitoniclike 
excitations  that  do  not  appear  in  band-stri  ;iure  calcula¬ 
tions,  rathcrtiianii.  terms  of  jp-d  transitions  or  d-d e.xcita- 
tions.*’ 

IV.  CONCLUSIONS 

Our  photoemission  and  invervi-  photoemission  measure¬ 
ments  of  Cd| .  ,  Mn.,Tc  alloys,  locvther  wnli  new  local  den¬ 
sity  functional  calculations  of  the  ground  state  of  MnTe  rule 
out  the  large  final-state  eficcts  once  tiiought  nece.ssary  to 
explain  the  discrepancies  between  theory  and  photoemission 
experiments.  The  BIS  levlmiqut.,-  [rovided  the  first  direct 


experimental  determination  of  the  position  of  the  di  states  in 
a  ternary  semimagnetic  semiconductor.  The  value  of 
4.8  0.3  eV  for  the  position  of  the  dl  band  is  consistent  with 
early  interpretations  of  the  optica)  data  which  recently  came 
under  criticisih  on  the  basis  of  prnumed  discrepancies 
between  pholoemis.sion  and  optical  results,  and  pholoemis- 
ston  and  local  density  functional  t  c.%u!ts.'>\'c  find  no  evidence 
of  such  discrepancies  in  our  rc.sults.  From  photoemission 
and  BIS  data  we  determined  a  value  of  8.4  ±  0.4  cV  for  the 
d  t-dj  exchange  splitting,  of  the  same  order  of  magnitude  as 
tho.se  assumed  for  .Mott  insulators,  and  almt-st  twice  as  large 
as  those  predicted  from  earlier  local  density  calculation^ 
Finally,  theory  and  experiments  indicate  that  Mn  in 
Cdj  _j,Mn,Tc  ad-tpts  a  spin  polarizeil  ground  state  with  a 
(d  I  )-*(.rt )  ( p\ )-like  cnnfiguraiibit  in  the  solid,  a  result  that 
has  important  implications  in  our  modeling  of  tiic  magneto- 
transport  and  niugneto-0|.iical  pro|>erties  (;f  these  muteriah. 
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By  incorporating  a  II- VI  semiconductor  into  a  strained-layer  superlattice,  it  should  be  possible 
to  overcome  the  effects  of  deep  hole  traps  near  the  valence-band  edge  and  hence  to  dope  the 
semiconductor  p  type  in  many  cases.  This  idea  is  illustrated  for  CdTe/ZnTe  superlattices. 


|.  INTRODUCTION 

For  many  years,  efforts  to  fabricate  efficient  light  emit¬ 
ters,  lasers,  and  other  optical  devices  from  large-band-gap 
(green  to  ultraviolet)  II- VI  semiconductors  have  been  frus¬ 
trated  by  the  resistance  of  these  materials  to  doping,  espe¬ 
cially  p-type  doping.  There  appear  to  be  four  main  explana¬ 
tions  that  have  been  given  for  this  problem:  (i) 
Self-compensation:  common  dopants,  such  as  column-I  im¬ 
purities,  are  believed  to  simultaneously  produce  anion  va¬ 
cancies  when  they  occupy  column-II  sites,  and  the  vacancies 
compensate  the  dopants';  (ii)  large.acceptor  binding  ener¬ 
gies:  because  of  the  large  effective  masses  (typicajly 
/R*s;1.3S/na  for  CdS)  and  small  dielectric  constants 
(a*5s8.9),  the  acceptor  binding  energies,  £,  *  13.6«V  (mV 
/no*r)  are  often  W-200  meV  vs  lO^'^p  meV  for  the  more 
common  III-V  and  group-IV  semiconductor  materials,  and 
hence  the  acceptors  are  less  easily. thsimally  ioniz^''*;  (iii) 
low  incorporation  probabilities:  for  'reasons  that  are  not 
presently  understood;  ^-type  dopants  may  not  incorporate 
efficiently— recent  experiments-'  suggest  that  this  incorpora¬ 
tion  can  be  dramatically  increase  by  photoassisted  doping; 
and  (iv)  deep-level  formation:  impurities,  even  the  dopants 
themselves  in  some  cases,  form  deep  hole  traps  and  impurity 
energy  levels  in  the  gap  that  capture  any  free  holes. 

In  this  paper  we  focus  on  the  issue  of  deep-level  forma- 
tion  and  prescribe  a  method  for  overcoming  the  effects  of 
deep  hole  traps  that  are  moderately  close  to  the  valence-band 
maximum. 

Theories  of  cplumn-V  impurities  ou-upying  column-VI 
sites  in  II-VI  semiconductors  indicated  that,  for  the  wurtzite 
crystal  structure,  these  expected  shallow  dopants  often  pro¬ 
duce  deep  traps  instead,'*  but  in  the  zinc-blende  structure 
they  produce  shallow  acceptors.  The  observation  of  a  nitro¬ 
gen  level  3 100  meV  above  the  valence-band  maximuin  of 
ZnSe  lent  support  to  the  theory.-'  Hence  small  changes  in  the 
local  environment  of  a  substitutional  impurity  are  perhaps 
sufficient  to  change  the  character  of  a  potential  p  dop:*,n» 
from  a  shallow  acceptor  which  provides  hole  carriers  and 
enhances p-type  conductivity  to  a  deep  impurity  which  traps 
holes  and  tends  to  make  the  material  semi-insulating  rather 
than  p  type.  This  sen.sitivity  of  impurity  character  tc»  envi¬ 
ronment  suggests  that  .-i  nmgc  of  perturbations  of  the  host 
semiconductor  may  convert  deep  hole  trap  into  a  ;>-type 
dopant.  In  particular,  this  paper  discusses  the  possibility 
that  impurities  that  might  otherwise  pioduced^cp  hole  traps 


<0.23  eV  above  the  valence-band  maximum  of  their  host 
semiconductor  might  be  converted  into  ^-type  dopants  by 
subjecting  the  host  semiconductor  to  a  strain  obtained  by 
incorporating  the  host  into  a  lattice-mismatched  superlat¬ 
tice.  For  example,  the  CdTe/ZnTe  superlattice  has  a  lattice 
mismatch  of  6.39e  (Refs.  6  and  7)  and  the  strain  in  the 
superlattice  can  cause  deep  hole  traps  in  the  unstrained 
smaller-gap  material,  CdTe,  to  become  shallow  acceptors  in 
the  superlattice. 

In  this  regard  we  note  that  acceptorlevels  ir  CdTe  have 
bMn  reported  at  38, 39,  and  60  ineV  ab.  -vc  the  valence-band 
maximum  for  Li,  Na,  and  P,  as  well  as  "t  147  and  108  meV 
for  Cu  and  Ag."  We  believe  thai  the  Li,  Na,  and  P  levels  are 
genuine  substitutional  shallow  acceptor  levels,  because  their 
energies  are  almost  equal,  the  small  differences  being  attrib¬ 
uted  to  central-cell  corrections.  We  identify  the  Cu  and  Ag 
levels  as  deep  levels  (with  qualitatively  different  wave  func¬ 
tions  from  shallow  levels'*}  that  lie  relatively  close  to  the 
valence  band  and  act  as  hole  traps.  Becuus;  the  strength  of 
the  ordinary  central-cell  potentials  foi  .r  electrons  of  Cu  and 
Ag  are  intermediate  between  those  of  Li :  iid  Na  on  the  one 
hand  and  F  on  the  other,"’  we  believe  that  the  Cu  and  Ag 
energies  are  not  shallow  effective-mass  theory  energies. 
Therefore,  a  goal  of  the  present  theory,  as  applied  to  CdTe,  is 
to  predict  the  layer  thicknesses  of  CdTe/ZnTe  superlattices 
in  which  the  Li,  Na,  and  P  Ic.eir.  remain  shallow  (in  a  CdTe 
layer)  but  Cu  and  Ag  become  shallow  acceptors  rather  than 
deep  traps.  We  shall  see  that  this  should  occur,  due  to  inter¬ 
nal  strain,  in  small-period  superlattices  for 

AcuTc/A'znT,  <  1  in  the  case  of  (001  ]  superlafiices. 

H.  QUALITATIVE  PHYSICS 

The  application  of  hydrostatic  prc'‘sure  to  a  semicon¬ 
ductor  shifts  the  band  edges  with  rc.spect  to  nearby  deep 
levels."  Likewise  a  uniaxial  stress  splits  the  valence-band 
edge  and  shifts  the  conduction-band  edge,  relative  to  the 
energies  of  deep  levels.’’  Furthermore,  deep  levels  in  super- 
lattices,  crudely  speaking,  have  almost  tlic  same  absolute 
enurgie.s  as  in  the  bulk — but  the  b.iiul  edt  es  of  the  .superlat¬ 
tice  are  significantly  perturbed  fi\im  tlsc  bulk  value.''*"* 
Thus,  in  a  crude  approximation,  we  may  regard  the  deep 
energy  levels  associated  with  impurities  as  almost  constant 
in  energy,  while  hydrostatic  pressure,  unia.sial  stress,  or 
quantum  confinement  in  a  superlattice  cause  the  semicon- 
dueK‘:-‘s  band  edge.''  to  move  consid'*rabls .  This  viewpoint  is 
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illuttrated  in  Fig.  1.  where  %ve  tbow  the  fuiKUmenUl  band 
edges  of  CdTe  with  a  deep  trap  lev^  and  illustrate  how  the 
band  edges  move  when  perturbed  (assuming  the  absolute 
deep-level  energv-  does  not  change).  An  important  point  is 
that  when  the  valence-band  maximum  moves  up  enough  in 
energy  to  cover  the  deep  trap  level,  the  impurity  changes 
from  a  hole  trap  to  a  shallow  acceptor,  because  the  hole  is 
aiiioionized,  and  bubbles  up  to  (he  valence-band  maximum 
where  it  is  trapped  by  the  long-ranged  Coulomb  potential  of 
the  impurity.  (See  Fig.  I.)  Thus  by  "covering  up"  the  deep 
trap  levels  in  the  gap  with  the  valence  band,  it  is  possible  to 
convert  the  traps  into  shallow  acc^ors  and  achieve  p-tyns 
doping.  This  "covering  up"  is  termed^a  deep-to-shalknv 
transition. 

Hydrostatic  pressure  causes  the  valence-band  maximum 
to  move  up  slightly  in  energy  while  the  conduction-band 
minimum  moves  up  even  more. ' '  The  motion  of  the  valence- 
band  maximum  relative  to  the  deep  level  is  typically  of  mag¬ 
nitude  si  meV/kbar,"  and  so  hydrostatic  pressurevean 
only  "cover  up"  deep  levels  >0.1  eV  above  the  valence-band 
maximum,  even  if  the  pressures  p  are  very  large  (almost 
impractically  large):  /*>  100  kbar. 

Uniaxial  stress  can  be  tnore  effective  in  inducing  a  deep- 
to-shallow  transition  that  converts  a  deep  trap  to  a  shallow 
acceptor,  but  externally  applied  uniaxial  stresses  much 
greater  than  10  kbaf  ordinanly  can  fracture  a  semiconduc¬ 
tor.  Under  uniaxial  stress,  even  a  10-kbar  stress  can  covet  up 
levels  within  s0.|4  eV  of  the  sMlencc-band  maximum. 

Internal  strains  in  a  lattice-mismatched  superlattice 
such  us  CdTe/ZnTe  cun  move  the  valence-band  edge  tenths 
of  an  eV.  We  shall  show  that  small-period  superlattices  can 
be  grown  whjeh  have  such  large  internal  strains  that  deep 
trap  levels  within  about  0.25  eV  of  the  valence-band  maxi¬ 
mum  can  be  covered  up,  making  them  shallow  acceptors. 
This  sh'^uld  be  tui  important  mechanism  for  producing  p- 
type  doping,  because  in  CdTe  there  are  many  deep  hole  traps 
with  energies  around  0. 1-0.2  eV  above  the  valence-band 
ma.\imum.  including  traps  associated  with  Cu  and  Ag." 

For  (001  ]  superlattices,  every  internal  stress  cr  can  be 
represented  as  a  combination  of  hydrostatic  and  uniaxial 
stresses: 

‘^hydro  *  +  <^yy  +  )/3  (  I ) 

and 

(2) 

In  a  typical  !  X 1  CdTe/ZnTe  supci  lattice  the  CdTe  internal 
strain  corresponds  to  hydrostatic  pressures  of  s  —  10.7 
kb.'.r  and  a  unia.\ial  stress  of 1 6.0  kbar.  Hence  the  hetcroe- 
pitaxy  of  the  supc.'lattice  allows  one  to  reach  local  pressures 
and  stre.sses  (without  damaging  the  semiconductor)  that 
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FIG.  I.  Schen.  .lie  encrgy.b.ind  structure  (energy  in  ‘  vs  wave  vector)  of 
CdTe,  illustraiini  t)«e  qualitative  elianges  in  the  viiiviice.band.levul  struc¬ 
ture  with  respect  to  thedecp.|cvel  energy,  (a )  The  hulk  semicoiiductu'  -v  iih 
a  deep  level  wiihin  0.2  eV  of  the  valencc-band  edg.  The  f  t  and  r>  h.uids 
were />.|ike  bands  that  split  diif  to  the  large  spin-orh-i:  interactiim  in  Cd  Te. 
(b)  The  application  of  50  kbar  hydrostatic  pressure  decreases  the  energy 
between  the  impurity  level  and  the  valence  band  slightly,  (c)  10  kbar  uf 
uniaxial  stress  splits  the  I ,  bands  and  can  "cover  up"  ihv  deep  hole  trap  :ind 
make  it  an  acceptor,  (d )  A  2  X  4  supcriattice  is  even  better  than  large  uniax- 
iai  stress  in  that  the  deep  level  is  better  covered  by  the  internal  strain-in- 
duced  band  splitting. 


would  be  unattainable  when  applied  globally  to  bulk  semi¬ 
conductors.  These  enormous  strains  can  move  the  valence- 
band  maximum  up  in  energ>  by  s;0.25  eV,  covering  up  any 
deep  traps  near  the  valence-bund  maximum  of  unstrained 
CdTe. 

To  .simplify  the  discussion,  we  slnill  mtike  the  assump¬ 
tion  that  the  relevant  deep  levels  have  absolutt.  energies  that 
are  unchanged  by  internal  strains.  With  this  approximation, 
we  need  only  predict  the  shift  and  splitting  of  the  valence- 
band  maximum  caused  by  str.:in,  and  determine  if  deep  hole 
traps  0. 1-0.2  eV  above  the  vaiencc-b.md  ma.xinium  of  un¬ 
strained  CdTe  will  be  covered  up  by  the  strain-induced  shift 
of  the  valence-band  maximum. 

IlhFORMAUcM 

In  zinc-bicnde  semiconductors  the  top  of  the  valence 
band  is  threefold  degenerate  and  p  like  in  u  nonrelativistic 
band  theory.  Inclusion  of  the  spin-orbit  interaction  splits 
this  degeneracy  into  a  doubly  degenerate  J  =  3/2  va¬ 
lence-band  m,'«.\imum  and  a  nimdugeneratc,/  ss  1/2  P^band 
below  it.  Strain  further  splits  the  bands,  leading  to  a  ^lamil- 
tonian  matrix  in  the  \J,Mj  >  pseudo-angular  momentum 
basis  for  the  vaLnee-band  maxima  at  k  0: 


(3) 
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Here  we  hav  *  used  the  notation  of  Ref.  17:  4>  is  the  spin* 
orbit  interaction  parameter,  5E„  and  SEh-  are  the  energy 
shifts  of  the  reicvant  bands  induced  by  the  isotropic  strain  or 
dilation: 

A  =  (tt„  +  +  u„  )/3,  (4) 

and  SEs  and  SEg-  are  the  shifts  due  to  the  anisotropic  part  of 
the  strain,  and  the  zero  of  energy  is  the  unstrained  valence- 
band  ma.simuin.  Because  the  energy  shifts  (with  respect  to  a 
nearby  deep  level)  induced  by  the  isotropic  parts  of  the 
strain"  are  aaout  an  order  of  magnitude  smaller  than  the 
anisotropic-strain  shifts,  the  upward  valence-band  shift  in¬ 
duced  by  internal  strain  is  very  nearly 

A£,,2:-A£5/2,  (5) 

and  is  due  to  the  anisotropic  strain. 

IV.  (0011  SUPERLATTICES 

.1 

For  1 001  ]  superlattices,  the  valence-band  shift  is  related 
to  the  strain  tensor  components  u,,  —  by 

A^vb  =:  -  SEg/2  =  (d,  -1-  2b.)  (Uu  -  ).  (6) 

where  and  b.  are  deformation  potential  constants. "Since 
we  have  been  unable  ro  find  tabulated  values  of  b,  and  b.  for 
CdTe,  we  estimate  (i,  -f-  2ij)  *  —  1.76  eV,  a  value  typical 
of  semiconductors  ( for  e.xample,  in  GaAs  the  measured  val¬ 
ues  range  from  —  1.66  to  —  2.0  eV;  in  Ge  a  typical  value  is 
—  2. 1  eV).  The  strains  u^,  and  h,.,  in  CdTe  can  be  related  to 
the  bulk  lattice  constants  fleart  ^znT«  to  the  layer 
thicknesses  of  the  superlattice:  Nar*  and  as  dis¬ 
cussed  in  the  Appendi.x.-.Figure  2  shows  the  theoretical  pre¬ 
dictions. 

V.  [Ill]  SUPERLATTICES 

In  [111]  superlattices,  the  valence-band  shift  is  most 
easily  related  to  the  shear  f  in  a  CdTe  layer: 


FlOf2.  Energy  ?hift  Af.n  in  eV  vs  .VtyT,/‘Vy„iv.  the  ratio  of  CdTe  to  ZnTe 
layer  thiekiies^es.  Deformation  pi-'ential  theory  predicts  that  decreasing 
the  layer  thickness  .atio  for  CdTe/ZnTe  superlaitices  in¬ 

creases  strain,  thereoy  shifting  the  valence.band  maximum  up  relative  to 
the  deep  level  by  up  toO.25  eV  for  (001 1  superlattices  (open  squares).  This 
e.Tect  is  relatively  weak  in  [  1 1 1  j  superlattices  (solid  circles). 


and  is 

A£,  s  -  SEs/2  =  -  f d,  4-  2d, )f/2.  (8) 

(See  the  Appendix.)  Taking  the  deformation  potential  con¬ 
stant  for  CdTe‘:o  be  (d,  —  2d,)  s  —  4.59  eV,  the  value  for 
GaAs,"  we  find  the  results  of  Fig.  2. 

VI.  SUMMARY 

Clearly  interna!  strains  can  raise  the  valence  ’'and  edge 
ofCdTe  (undothet  II-VI  .semiconductors)  afewtctithsofan 
eV  when  the  semiconductor  is  sandwiched  in  a  stt  ained-lay- 
er  superlattiue  or  hetcrostructure.  This  should  he  enough  to 
cover  up  the  deep  levels  at  energies  srO.  1-0.2  eV  above  the 
unstrained  valence-band  maximum  and  convert  these  deep 
hole  traps  to p-type  .shallow  dopants.  (Of  course,  the  precise 
e.xtent  of  this  effect  should  be  evaluated  by  computing  the 
deep  trap  levels  in  a  strained-layer  superlattice,"*'*’  rat!..T 
than  assuming  that  the  dec,.’  levels  are  completely  unaltered 
by  the  s'rain,  a.s  we  have  here.) 

By  sandwiching  a  II-VI  .semiconductor  between  materi¬ 
als  which  have  a  different  lattice  constant,  as  in  a  strained- 
layer  superlattice,  it  will  be  possible  to  move  the  sc.micon- 
ductor’s  valence-band  maximum  up  in  energy,  so  that  deep 
hole  traps  lying  within  0. 1-0.2  eV  of  the  unstrained  valence- 
band  edge  will  be  autoionized  and  will  become  snallov”  .*ic- 
ceptors,  doping  the  II-VI  semiconductor />  type.  We  bcix've 
that  this  mechanism  of  conditioning  II-V(  semiconductors 
for/t-type  doping  is  most  likely  to  be  successful  in  common- 
anion  heterostructures  and  superlatticcs,  such  as  CdS.^7.:iS, 
CdSe/ZnSe,  or  CdTe/ZnTe.  The  reason  for  choosing  com¬ 
mon-anion  heterostructures  is  to  minimize  the  absolute  val¬ 
ue  of  the  valence-band  offset.  IftneCdTe  v.'ilence-band  m::.x- 
imum  lies  above  the  ZnTe  valence  band,  then  quantum 
confinement  will  tend  ; ;  drive  the  valence-band  maximum 
down  in  energy  (and  inhibit  covering  of  the  deep  levels);  but 
if  the  CdTe  valence-band  maximum  lies  behw  the  ZnTe 
maximum,  holes  will  tend  to  be  swept  out  of  the  CdTe  layer. 
We  hope  that  experimenters  will  attempt  to  grow  such  struc¬ 
tures,  and  determine  if  they  are  indeed  more  easily  doped  p 
type,  as  we  predict. 


ACKNOWLEDGMENTS 

We  are  grateful  to  the  Air  Force  Office  of  Scientific  Re¬ 
search,  the  Office  of  Naval  Research,  and  the  Defense  Ad¬ 
vanced  Research  Projects  .Acency  for  their  generous  support 
(Contract  Nos.  AF-AFOSR-85-0331,  N00014-S4-K-0352, 
and  N0530-07 16-05).  We  thank  R.-D.  Hong  for  stimulating 
conversations  and  R.  .N.  Bhargava  and  J.  Schetzina  for  pos¬ 
ing  problems  which  caused  us  to  think  along  these  ‘mes. 


APPENDIX 

The  relevant  parts  of  the  .strain  teniior  u  for  evaluating 
A£,b  can  be  calculated  using  continuum  elasticity  theory. 

For  a  (001  ]  superlattice,  the  relevant  strain  tensor  ele¬ 
ments  are  and  h..  [see  Eq.  (6)  ].  The  boundary  condi- 
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tioTiS  are  that  the  in>plane  h'.*tice  constants  a.  of  the  adjacent 
layers  match  one  another:  > 

®|ICdTc 

and  are  related  to  the  bulk  lattice  constant  through  the  strain 
tensor  j/„: 

®|!CUTc  *  ®CdTe  (  ^  +  ^MiCdTe  )• 

The  constraints  are 

=  V 

Ujiy  —  Uyf  —  *  0, 

and 

®CdTe  (  ^  +  *^«:CdT«  )  *  ®2iiT«  (  ^  +  W«;ZnT«  )• 

We  assume  that  the  layer  thickness^  are  sufficiently  small 
that  we  may  take  the  strain  tensors  UcdTt  and  to 
constants.  The  total  elastic  energy  of  the  superluitice  is 

W'*  iVcdTc  ^^'cdTe  +  ■^ZnTe  V 

where 

^^'CdTe  ~  (J/2)Cu.(;dTc("Wi»;CdT«  +  WI*,CdT«  ) 

+  Oi:.(.,iT«  (*^«:CdTc‘<j«»;CdT« 

+  ««cdTe  ) 

is  the  increase  of  elastic  energy  in  a  CdTc  layer  (with  a  simi¬ 
lar  expression  for  ZnTe  layer).  The  elastic  constants  c,„  c,2, 
and'tf^d  have  been  tabulated’  for  both  CdTe  and  ZnTe.  The 
solutions  for  and  in  a  CdTe  layer  arc  obtained  by 
minimizing  the  superlatticc’s  total  energy  for  fixed  A’cdt* 
and  AjnT,: 

*<,vXCdT<  —  ^lj(flCdTe  “OznT»)/A 

and 

t^ir.CdTtf  —  ~ -<^l:,CdT<,•Wv^iC•dTc/f^l!CdT« 

Where  we  have 

z?l  I  =  A'cdT*  (2C|i.cdTe  +  2C|;_cdTe 

~  ‘^fI::CdTc/0||.CdTe 

^12  —  ^ZnTe  (2C||.z„x,  +  2C|;.2„y, 

~  ^fi:iZiiT«/fll:ZnTe)/OzMl«' 

and 

P  ~  ~  (^ZnTc^ll  +OcdTs^i:)- 

For  (111)  supcrlattice.s.  the  relevant  strain  is  the  anisotropic 
shear  strain  e.  (Sec  };.q.  (8) ).  The  boundary  conditions  are 
t:..it  the  in-pl;ine  lattice  constants  match  one  another: 

0|  C.r.f  “  ^’  ZnTi  > 

where  we  iiave 

‘^,'Cillc  =  <*CdIV  ( I  +  —  fctiu-  )• 

with  a  similar  expr-ssion  for  ZriTc.  The  coiisiraints  arc 

A  —  —  u^.^,  =  t/.., 

€  —  tt  yy  Uy*  =  t/^y  . 

and 


^CdT*  (  ^  +  ^CdTe  ~  ^CdTc  )  ~  OZnTc  O  +  ^Z«Te  ~  ^ZnTc  )• 

The  increase  in  elastic  energy  of  the  superlattice  is 

AcdT,  ^CdT«  +  ^'znTt  ^“ziiTr* 

where  in  each  CdTe  layer  we  have 

»cdT.  =  (3/2)(c„cdT.+2c, 

I.CdTc  )A|dT. 

+  ^44.CdT«^dTc* 

By  minimizing  the  total  clastic  energy  of  the  superlattice  for 
fixed  A'cdT*  an*!  -^zniei  we  find 

^CdT*  “  ~2)|2('JcdT,.— tfz„Te)/A 

where 

2)|l  =  12A^CdTcr*4:CdTe/®CdTe> 

Z>I2  =  12Az„TeC44iZnTc/®ZiiTc> 

^21  —  {^lliCdTe  +  2C|2.cdTc  +  ‘^^44;CdTe  )®CdTe/ 

(^lIlCdTc  +  2C|J;CdTt)* 

^22=  “  (f|l:ZnTc  +'2ei;.z„Tj  +  4t^44:ZiiTe  )®Zt>Tc/ 

(?ll:Zn  ;c  +  2CivZiiTc  )» 

and 

2)  =  2),  1^22  “^12^21‘ 
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Ah  explanation  is  proposed  for  the  Tjict  that  ZnTe  is  unique  among  the  II-VI  compound  semicon¬ 
ductors  in  that  it  can  be  doped  p  type  rather  easily:  a  p-like  deep-level  resonance  lies  witiiin  the 
valence  band  of  ZnTe  and  emerges  into  the  fundamental  band  gap  with  increasing  Se  content  x  in 
ZnTei-,Se,  random  alloys.  This  level  generates  free  holes  when  it  lies  below  the  Fermi  energy  in 
the  valence  band,  making  its  parent  defect  a  shallow  acceptor.  When  the  level  moves  into  the  gap, 
the  impurity,  becomes  a  deep  Hole  trap.  The  native  and  foreign  antisite  defects  Znr,  and  Lij,  are 
suggested  as  possible  parent  defects  of  the  relevant  deep  level;  they  are  predicted  to  be  shallow  iz- 
ceptors  in  ZrtTe,  while  the  corresponding  defects  are.deep  traps  in  other  1I*VI  compound  semicon¬ 
ductors.  tests  of  this  proposal  are  suggested  and  the  subititaticnal  s-  and  p-bonded  deep  levels  of 
-ZjI?  9o<l  ZnTe  are  predicted,  extending  the  thwory  of  Hjalr.tarson  et  al.  [Pliys.  Rev.  Lett.  44,  810 
.  11980)].  The  possibility  of  doping  ZnSep  type  with  (antisite)  Be  is  also  proposed  and  discussed. 


I.  INTRODUtn-ION 

Most  wide-band-gap  II-VI  compound  semiconductors 
can  be  easily  doped  n  type,  but  resist  p-type  doping.  The 
most  notable  exception  is  ZnTe  which  is  easily  doped  p 
type,  but  not  n  type.  The  different  and  singular  doping 
behavior  of  ZnTe  is  not  presently  understood. 

The  purpose  of  this  paper  is  to  offer  an  explanation  of 
this  difference  in  terms  of  a  defect  that  undergoes  a 
shallow-deep  transition  as  a  function  of  alloy  composition 
X  in  ZnTe|_,Se_,,  so  that  it  is  an  acceptor  in  ZnTe  but  a 
hole  trap  in  ZnSe.  We  present  calculations  that  sugge.st 
that  such  a  transition  occurs  for  the  native  and  foreign 
antisite  defects  Zn^-,  and  Li^,  in  ZnTe.  .And  we  suggest 
specific  tests  of  the  explanatic:i,  which  lias  a  firm,  but  ad¬ 
mittedly  not  unshakable,  theoretical  foi!..dation.  Indeed, 
the  reader  should  accept  this  work  fr-r  its  intended  pur¬ 
pose:  to  .sketch  a  simple  model  w®...*,  can  be  tested  ex- 
penmentally  and  which  appears  to  ofler  an  explanation  of 
thep-type  doping  proclivity  of  ZnTe  in  terms  of  the  natu¬ 
ral  occurrence  of  certain  defects.  The  theoretical  tools 
are  presently  not  available  to  predict  with  100% 
confidence  if  these  defects  form  in  sufficient  concentra¬ 
tion  with  precisely  the  electronic  structures  we  find.  Nev¬ 
ertheless,  i.'-.c  picture  we  propi.»se  is  simple  enough  to  lend 
Itself  readily  to  experimental  tests,  while  presenting  an  at- 
tracti^  alternative  explanation  of  the  doping  properties 
ot  ZnTe  to  mechanisms  which  rely  on  self-compensation 


or  the  relative  solubilities  of  impurities  in  different  hosts. 

We  propose  that  p-type  conductivity  is  most  easily 
achieved  in  ZnTe  of  the  Il-Vi  semiconductors  because 
defects  that  produce p-iike  deep  traps  lying  slightly  above 
the  valence-band  maximum  in  most  II-VI  semiconduc¬ 
tors  instead  have  these  levels  lying  below  the  band  edge 
in  ZnTe.  Each  such  level  for  a  neutral  defect  is  naturally 
occupied  by  both  electrons  and  I.  jles  when  ii  lies  within 
the  fundamental  band  gap.  a.id  so  can  trap  holes.  When 
the  level  descends  below  the  val:nce-band  maximum,  its 
holes  are  autoionized  and  beco.me  carriers  at  room  tem¬ 
perature.  (At  zero  temperature  they  are  trapped  in  shal¬ 
low  acceptor  levels.)  Hence  the  .  fect.s  generate  holes  in 
ZnTe,  but  trap  the.m  in  other  semiconductois.  .More 
specifically,  our  proposal  is  that  the  native  antisite  defect 
Zn  on  a  Te  .site,  Znj,  (and  even  the  antisite  dopant  LiVj) 
is  a  shallow  acceptor  in  ZnTe  and  dopes  the  material  p 
type,  compensating  any  «-type  Impurities  that  might  oth¬ 
erwise  themselves  compensate  acceptor::  In  other  II-VT 
semiconductors,  neither  the  cation-on-anion-$ite  defect 
nor  antisite  Li  yields  a  shallow  acceptor,  but  instead  pro¬ 
duces  a  d:*s;’.  •  .  p  level  in  the  fundamental  band  gap.  The 
antisite  defects  Znj.  (and  Li^,)  neither  dope  the  material  p 
type  nor  produce  thermally  ionizabis  holes;  instead  thry 
trap  carriers,  holes  in  particular. 

We  arrived  at  the  conclusion  that  the  defect  responsi¬ 
ble  for  the  resistance  of  most  II-VI  semiconductors  to  p- 
type  doping  might  be  the  cation-on-anion-site  defect  after 
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having  examined  predictions  for  deep  levels  of  all  the  s- 
and  ^'bonded  substitutional  impurities  in  all  of  the  major 
II-VI  semiconductors.  During  this  examination  we  asked 
the  questions  (i)  “Can  impurities  explain  the  different 
doping  proclivities  of  ZnTe  and  the  other  II-VI  semicon¬ 
ductors"  and  (ii)  "Does  any  impurity  that  is  likely  to 
occur  in  significant  concentrations  have  a  deep-level 
structure  that  is  different  in  ZnTe  from  in  the  other  II-VI 
semiconductors?" 

!  The  classical  mechanism  that  has  been  proposed  to  ex- 
1  plain  the  resistance  of  II-VI  semiconductors  to  p-typt 
]  doping  is  self-compensation:  The  introduction  of  an  ac- 
j  ceptor  such  as  Li  or  Na  onto  a  cation  site  is  thought  to 
j  simultaneously  produce  an  anion  vacancy  which  is  a  dou- 
I  ble  donor  and  compensates  the  acceptor,  leaving  the  ma- 
I  terial  semi-insulating  or  doping  the  material  /\^type  rather 
I  than  p  type.'“‘  If  the  self-compensation  mechanism  is 
■  indeed  operative  in  most  II-VI  semiconductors  and  can- 
j  not  be  blocked  for  at  least  some  p-type  dopants,  then  II- 
I  VI  semiconductors  are  unlikely  to  become  important 
electronic  materials,  regardless  of  the  purity  of  the  ma- 
'  terials.  The  self-compensation  is  thought  to  be  an  intrin- 
i  sic. property  of  the  doping,  regardless  of  the  quality  of  the 
undoped  semiconductor:  p-type  doping  produces  com¬ 
pensating  anion  vacancies.  Therefore,  the  fact  that  ZnTe 
is  naturally  p  type  is  an  important  clue  to  understanding 
and  overcoming  self-compensation  lif  it  occurs) — and 
perhaps  the  key  to  developing  electronic-grade  II-VI 
semiconductors. 

The  explanation  often  given  for  the  singular  behavior 
of  ZnTe  is  that  its  band  wp  is  smaller  than  that  of  other 
II-VI  semiconductors,'”^ and  so  the  energy  generated  by 
the  self-compensation,  which  is  approximately  the  energy 
of  the  gap,  is  too  small  to  produce  a  vacancy  in  ZnTe,  but 
is  adequate  for  vacancy  formation  in  other  II-VI  semi¬ 
conductors.  At  first,  this  argument  appears  attractive, 
because  it  correlates  with  the  fact  that  self-ccmpemsation 
is  most  commonly  found  in  large-band-gap  serr^conduc- 
tors.  Upon  closer  examination,  however,  the  argument  is 
difficult  to  reconcile  with  the  fact  that  the  band  gaps  of 
ZnSf  and  ZnTe  are  not  very  different  or  with  the  fact 
that  stoichiometric  CdTe,  which  has  a  significantly  small¬ 
er  band  gap  than  ZnTe,  resists  yj-type  doping  (although 
less  so  than  other  II-VI  compounds).  Therefore  we  con¬ 
clude  that  an  alternative  e.vplanation  of  the  singular  p- 
type  character  of  ZnTe  is  needed. 

Self-compensation  by  vacancies  is  not  universally  ac¬ 
cepted  as  the  mechanism  by  which  11-VT  semiconductors 
resist  p-type  doping.  Some  other  explanations  point  to 
the  different  solubilities  of  impurities  on  differen*  sites 
and  interstitial  self-compensation:  Fi.r  example,  Na  can 
occupy  a  cation  site  as  an  acceptor  in  ZnSe,  but  becos.-:s 
a  donor  at  interstitial  sites,’  and  so  interstitial  N’a  can 
compensate  substitutional  Na.  Other  mechanisms  t.-v.; 
also  been  suggested  to  account  for  tiu'  resistance  of  fl-Vl 
semiconductors  t '  p-type  doping:  The  acceptor  binoit'.g 
energies  of  some  II-VI  semiconductors  can  be  rather 
large,  >0.1  oV,  making  the  acceptors  difficult  to  ionize 
thermally  and  frustrating  p-type  conductivity.’  The  in¬ 
corporation  of  the  standard  p-type  dopants  into  a  II-VI 
host  can  be  severely  limited  by  the  chemistry  of  the  host.’ 


Unanticipated  deep-level  formation  may  occur,  in  the 
sense  that  impurities  such  as  those  from  column  V  of  the 
Periodic  Table,  when  occupying  a  column-VI  site,  may 
produce  deep  levels  in  the  fundamental  band  gap  of  some 
wurtcite-structure  II-VI  compound  semiconductors  rath¬ 
er  than  the  expected  shallow  acceptors.'®  Indeed,  it  is 
conceivable  that  the  II-VI  semiconductor  doping  prob¬ 
lem  is  a  consequence  of  rather  complicated  defect  and 
impurity  dynamics.  Currently  there  are  many  efforts  in 
progress  to  overcome  the  p-doping  problem  by  improving 
the  quality  of  II-VI  materials,  for  example,  by  employing 
molecular-beam  epitaxial  techniques  of  crystal  grow’th; 
these  efforts  implicitly  assume  that  impurities  and  de¬ 
fects,  not  self-compensation,  cause  the  p-type  doping 
problem."”'* 

Clearly  there  are  a  variety  of  detailed  mechanisms  for 
explaining  the  resistance  of  most  wide-band-gap  II-VI 
semiconductors  to  the  p-type  doping.  However,  a  satis¬ 
factory  explanation  of  why  ZnTe  is  almost  singularly 
compatible  with  p-type  doping  is  lacking — and  could 
provide  a  vital  clue  for  doping  the  other  II-VI  semicon¬ 
ductors  p-type. 

The  purpose  oFthis  paper  is  to  offer  a  simple  but  gen¬ 
eral  explanation  of  the  ZnTe  doping  singularity.  This  ex¬ 
planation  does  not  depe:!d  on  any  detailed  model  of 
dopant  compensation  or  theory  of  the  resistance  of  II-VI 
semiconductors  to  p-type  doping.  It  merely  asserts  (on 
the  basis  of  a  theory  of  deep  levels)  that  ZnTe  is  unique  in 
having  a  native  antisite  defect,  Zn^-,,  that  is  a  strong  p- 
type  dopant,  capable  of  generating  holes  and  compensat¬ 
ing  donors  of  any  origin.  ZnTe  is  also  unique  in  that  its 
antisite.^,dopant  Li-j-;  is  also  a  shallow  acceptor,  not  a  deep 
trap.  The  electronic  structures  of  these  antisite  defects 
provide  a  simple,  general,  and  experimentally  verifiable 
explanation  of  why  ZnTe  is  easily  doped  p  type,  and  al¬ 
low  us  to  avoid  the  more  difficult  issue  of  specifying  the 
detailed  mechanisms  by  which  most  II-VI  semiconduc¬ 
tors  occur  n  type.  Hence,  instead  of  asking  "Why  are 
ZnSe  and  most  other  II-VI  semiconductors  n  type"  we 
address  the  question  "what  unique  feature  of  ZnSe  and 
ZnTe  causes  them  to  change  their  doping  proclivities 
from  n  type  for  ZnSe  to  p  type  for  ZnTe"?  VVe  propose 
that  the  relevant  feature  is  the  shallow  acceptor  character 
of  the  Zn-Tf  antisite  defect. 

At  first  glance,'  most  of  the  mechanisms  that  might 
frustrate  p-type  doping  appear  to  be  smooth  functions  of 
the  chemical  compositions  of  the  II-V'I  semiconductors, 
and  .so  it  is  difficult  to  understand  why  ZnTe  can  be 
doped  p  type  and  most  other  II-VI  semiconductors. can- 
no*.  One  might  still  expect  that  ZnTuj.^Se,  (Ref.  15)  or 
(ZnTe)i_,(CdSe),  alloys  (Ref.  16)  would  smoothly 
change  from  p-type  to  semi-in.'ulating  to  n-type  conduc¬ 
tivity  as  X  increases.  Kowevi.r  the  concept  of  abrupt 
deep-shallow  transitionr""*’  of  impurity  character  as  a 
function  of  host  chemical  composition  raises  the  possibil¬ 
ity  that  a  defect  intimately  involved  in  obsiiucting  the  p- 
type  doping  in  most  Il-VT  semiconducto.'s  might  have 
quite  a  different  character  in  ZnTe.  We  predict  that  the 
native  antisite  defect  Znj-.  should  be  a  shallow  acceptor 
in  ZnTe,  but  that  its  analog  Zr  should  be  a  deep  trap  in 
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ZnSe.  At  the  e.xtreme,  even  Li  (a  common  dopant)  has  an 
antisite  defect  with  the  same  character,  changing  from 
shallow  in  ZnTe  to  deep  in  ZnSe.  The  deep-shallow  tran¬ 
sition  of  .the  antisite  defects’  characters  occur  abruptly  as 
functions  of  alloy  composition  x,  and  can  naturally  ex¬ 
plain  why  ZnTe  is  p  type  while  other  II-VI  semiconduc¬ 
tors  are  not. 

IL  .MODEL 

Our  model  uses  the  well-established  theory  of  deep  lev¬ 
els  is.  I’.w.Js  which  has  successfully  e.xphined  a  broad 
range  of  data,  including  the  physics  of  the  N  trap  in 
GaAs,_;tP,  (which  produces  an  energetically  “shallow” 
level  within  <0.1  eV  of  the  conduction-band  edge  in 
GaP,  a  deep  trap  more  than  0.1  eV  below  the  edge  for 
xssO.5,  and  a  resonance  in  the  conduction  band  of 
GaAs);’’'”’”  rapid  Ill-V-compound  laser  degradation, ** 
bulk  and  surface  core  excitons*’“^'  in.Si  arid  III-V  com¬ 
pound  semiconductors,  intrinsic  surface  states,^**^^ 
Schottky-barrier  heights, and  the  deep-shallow  be¬ 
havior  of  defects  such  as-the  DX  center  in  Al;,Ga,_,As 
semiconductors^’  and  GaAs/Al,Ga,>,As  superlat- 
tices/^ 

In  this  model,  deep  energy  levels  are  obtained  by  solv- 
ing  the  secular  equation 

det[l-(£-/f(,)-'f^=:0, 

where  Hq  is  the  host  Hamiltonian  operator,  V  is  the  de¬ 
fect  potential  operator,  and  the  level’s  energy  £  is  as¬ 
sumed  to  have  an  intinitesimal  positive  imaginary  part. 
Hjalmarson  et  al.^^  have  presented  predictions  of 
deep  levels  ba.sed  on  this  theo.'y.  In  a'Ldwdin  basis'*’  of 
sp^s'  orbitals  centered  at  each  site*^  the  defect  potential 
is  diagonal  and  related  to  atomic  energies.”  "The  host 
Hamiltonian  is  treated  in  an  empirical  tight-binding  rnpd- 
el,  the  parameters  of  which  have  been  fit  to  observed 
band  gaps  in  several  semiconductors  and  follow  chemical 
trends  from  one  semiconductor  to  another.'*^  Cha.'ce- 
transfer  effects,  such  as  those  treated  by  Jansen  and  San- 
ke>,’  are  not  included  e.\plicitly  in  this  model.  Neverthe¬ 
less  the  model  produced  excellent  agreement  with  mea¬ 
sured  surface  smtes  of  ZnSe  and  ZnTe,^^  and  so  is  expect¬ 
ed  to  describe  well.a.ny  localized  perturbation  associated 
with  a  defect.  Details  of  the  model  have  been  pub- 
lished.*'’’-”*  Wij  con.sider  only  substitutional  defects  be¬ 
cause  common  interstitials  such  as  Li  and  Zn  are  normal¬ 
ly  donors’  and  because  most  interstitials  are  notoriously 
sensitW'e  to  charge  transfer  and  the  local  environ¬ 
ment, a  property  that  we  regard  as  unlikely  to  be 
associated  with  the  nearly  universal  dopi.ng  properties  of 
II-VI  semiconductors — although  we  recommend  the 
work  of  Chadi  and  Chang'*  for  a  somewhat  different 
viewpoint. 

III.  RE.SULTS 

As  a  test  of  the  model's  ability  to  describe  defects  in 
II-VI  semiconductors,  we  first  consider  Li  doping  of 
zinc-blende-structure  Z.nSe  and  fi.nd  to  ‘de  a  shallow 
acceptor,  in  agreement  with  the  data.^’  Furthermore,  e,x- 
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periments'*'  reveal  a  deep  acceptor  related  to  Li  0.2  to  0.3 
eV  above  the  valence-band  maximum.  Since  interstitial 
Li  is  a  donor,’  this  acceptor  can  likely  be  associated  with 
the  theoretically  predicted  0.4  eV  antisitc  Lisj  deep  level, 
and  indicates^hat  the  theory  lies  only  slightly  above  the 
data  in  energy.'*®’^’  Thus  the  Li  doping  data  for  ZnSe  are 
well  described  by  the  present  theory,  lending  support  to 
the  other  theoretical  predictions. 

Since  the  spirit  of  the  present  work  is  to  understand 
global  chemical  trends,  we  limit  our  discussion  to  a 
mean-field  one-electron  theory  of  neutral  defects,  and 
omit  the  Coulomb  effects  normally  associated  with  small 
to  moderate  splittings-of  order  0.2  eV  between  different 
charge  states  oFa  defect.’'*-''"’^  This  simplification  makes 
all  of  the  energy  levels  associated  with  different  charge 
states  of  a  defect  degenerate  and  allows  a  simple  discus¬ 
sion  of  global  trends  without  concern  for  many-electron 
effects.  Furthermore,  the  effects  of  these  rather  small 
effects  can  be  included  a  posteriori  with  very  little! 
difficulty.'*’"’*' 

Each  of  the  i-  and  p-bonded  impurities  has  eight 
“deep”  spin  orbitals  with  energies  near  the  fundamental 
band  gap,  two  or  j-like  and  six  T-  or  p-like  spin- 
orbitals.  Normally  the  cnergies-of  the  Tj  spin  orbitals  lie 
above  the  A  i  spin  orbitals.  In  fact,  spin-orbit  splitting, 
which  is  included  in  the  theory,  causes  the  72  levels  to 
split  slightly  into  Pj/2-lik?  Fj  levels  and  pi/2-like  F;  lev¬ 
els.  However,  for  simplicity  we  shalLrefer  to  both  levels 
as  Ti  in  the  text,  while  plotting.tHe  spin-orbit  split  levels 
in  the  figures.  (In  the  TV.  double-group  notation,  A  i  be¬ 
comes  F^). 

The  predictions  of  the  theory  for  substitutional  j-  and 
p-bonded  defects  in  ZnSe  and  ZnTe  are  summarized  in 
Figs.  1-4.  These  figures  indicate  the  doping  character  of 
each  element  of  the  Periodic  Table. 

A  notable  feature  of  the  predictions  is  that  the  de¬ 
fect  energy  levels  for  Zn  on  either  site  in  any  host  are  vir¬ 
tually  identical  to  those  of  the  corresponding  I.i  defect 
because  these  atoms  have  essentially  the  .same  atomic  or¬ 
bital  energies.  This  means,  in  particular,  that  Znj,  and 
Lis,  have  about  the  same  energy  levels  and  the  same  dop¬ 
ing  character,  except  that  Zn  provides  one  more  electron 
than  Li. 

Figures  1-4  should  be  examined  as  follows:  In  general 
the  deep  levels  move  up  (down)  as  one  moves  to  the  left 
(right)  across  a  row  of  the  Periodic  Tabie.  The  host  atom 
has  .4,  and  levels  occupied  In  the  valence  band  and 
A,  a.nd  levels  empty  in  the  conduction  band  In  the 
case  of  the  Se-siie  Si  in  ZnSe.  aii  the  defect’s  levels  lie 
a'oove  the  corresponding  Se  levels,  but  the  difference  be¬ 
tween  Si  and  Se  is  i:ot  enough  to  cause  any  of  the  occu¬ 
pied  deep  levels  to  move  up  into  the  band  gap.  As  a  re¬ 
sult,  Si  is  a  double  acceptor  (denoted  2.4)  because  it  has 
two  fewer  electrons  than  Se,  and  these  missing-electrons 
or  holes  "babble  up”  from  the  CvCp  S:  levels  in  the 
valence  band  to  the  valence-^and  edge,  where  they  are 
trapped  in  shallow  acceptor  levels  by  the  Coulomb  poten¬ 
tial  of  the  ioni.’ed  Si  atom.  Similar  reasoning  applied  to 
the  empty  levei.  indic.ites  that  Br  on  the  Se  site  of  ZnSe  is 
a  single  donor.  Because  Qr  is  more  electronegative  than 
Se,  its  e.nergy  levels  lie  lower  :!;an  those  of  Se;  bat  the 
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Impurities  on  Anion  Site  in  ZnTe 
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FIG.  I.  Predicted  doping  character  of  Zn>site  jubstitutional 
s-  and  p'bonded  atoms  in  ZnSe.  The  character  is  denoted  D  for 
donor.  A  for  acceptor,  and  I  for  isoelectronic  defect  (with  no 
deep  level  in  the  gap).  If  the  impurity  produces  one  or  more 
deep  trap  levels  in  the  gap,  this  is  indicated  for  each  atom  by  the 
number  of  holes  and  electrons  trapped  in  those  levels  for  a  sin* 
gle  neutral  defect,  e.g.,  5h  le  denotes  5  holes  and  1  riectron — in 
a  p'like  deep  level.  See  the  text  for  further  explanation. 


Br-Sc  difference  is  not  enough  to  pull  one  of  the  empty  Se 
deep  levels  in  the  conduction  band  down  into  the  gap.  As 
a  result,  the  extra  electron  of  the  neutral  Br  defect  (rela* 
live  to  the  Se  atom  the  Br  replaced)  falls  out  of  the  deep 
level  in  the  conduction  band,  the  Br  is  autoionized,  and 
the  extra  Br  electron  falls  to  the  conduction-band  edre, 
where  it  becomes  a  shallow  donor  electron  orbiting  the 
ionized  Br  impurity  (denoted  ]D).  As  one  moves  to  the 
left  in  the  Periodic  Table,  the  deep  levels  that  were  within 
the  valence  band  for  the  host  atom  move  up,  sometimes 
into  the  band  gep,  becoming  deep  traps — as  for  Cs$,, 
which  (when  neutral)  has  a  p-like  T,  level  in  the  gap  oc- 
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FIG.  2.  Predicted  doping  character  for  Se*si(e  substitutional 
atoms  in  ZnSe,  as  in  Fig.  1. 
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FIG.  3.  Predicted  doping. char.icter  for  Zn-site  substituiion.-tl 
atoms  in  ZnTe,  as  in  Fig.  I. 

copied  by  five  holes  and  one  electron,  and  an  A  ]  state 
Mow  the  valence-band  maximum  filled  by  two  electrons, 
and  therefore  is  denoted  5h  I c.  In  some  cases  the  defect  is 
so  electropositive  that  the  relevant  occupied  deep  levels 
pass  through  the  gap  into  the  conduction  band,  as  for  the 
anion  vacancy  (which  is  infinitely  electropositive’®  and  is 
denoted  as  the  element  “Va"  in  the  figures).  The  A  |  and 
Tj  levels  of  the  vacancy  lie  in  the  conduction  band,  with 
the  six  electrons  of  the  T-  level  removed  along  with  the 
Sc  atom  during  vacancy  creation.  Thus  the  Sc  vacancy  is 
a  double  donor  12D)  and  has  a  false  valence  (f)  with 
respect  to  Se,  allowing  it  to  donate  4-2  electrons  rather 
than  —6,  because  eight  spin  orbitals  (2.-l|T6r;)  have 
crossed  the  gap  into  the  conduction  b.tnd  as  the  Se  host 
atom  has  been  •'transmuted”  into  a  vacancy.  Similarly  a 
Zn-site  Cl  atom  has  deep  levels  derived  from  the  empty 
conduction-band  levels  of  Zn;  the  A ,  level  is  pulled  down 
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FIG.  4.  Predicted  doping  character  for  Te-sit.  substitutional 
atoms  in  ZnTe,  as  in  Fig.  1.  Note  that  the  Zn  antisiie  defect 
produces  a  shallow  [quadruple  (Ref.  5 it]  accept;-.'. 
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into  the  gap  because  Cl  is  more  electronegative  that  Zr , 
while  the  7*;  levels  remain  in  the  conduction  bard.  The 
five  extra  electrons  of  neutral  Cl  distribute  themtc  ves 
with  two  in  the  W ,  deep  level  and  three  in  the  conduciio' 
band;  iience  Cl  produces  a  deep  doubly  occupied  .-t ,  cvri 
(2  e)  and  a  triple  donor  (3  D).  Some  defects,  such  as  oxy¬ 
gen  on  a  Se-site  in  ZnSe  neither  change  the  number  cf 
electrons  nor  introduce  new  deep  levels  into  the  gap,  ini 
so  are  termed  isoelectronic  il). 

By  generating  Periodic  Tables  such  as  Figs.  1-4  lor  a 
wide  range  of  Il-VI  semiconductors,  we  have  been  abl*  to 
determine  how  the  predicted  characters  of  defects  are 
different  in  various  semiconductors.  Here  we  discuss 
only  ZnSe,  which  has  similar  defect  deep-level  bchavicr 
to  other  II-VI  semiconductors,  and  ZnTe,  which  exhibits 
unusual  /?-type  doping  behavior. 

The  theory  predicts  that  neutral  Zn^,  in  ZnTe  is  a  que- 
druple^'  acceptor  (4  A),  whereas  native  cation-on-anior- 
site  defects  in  other  II-VI  semiconductors  produce  T-- 
symmetric  deep  traps  in  the  band  gap:  e.g.,  (4A2e)  for 
Znjj  in  ZnSe.  (See  Figs.  1  and  3).  Charge-transfer  and 
Coulomb  splitting  effects  omitted  from  the  model  may  ac¬ 
tually  prevent  the  formation  of  the  quadrupole  acceptor 
state,  but  some  level  of  acceptor  character  is  nevertheless 
to  be  expected.  (Sec.  IV  treats  this  issue  in  more  detail.) 
This  native  antisite  defect  yields  four  holes  to  the  valence 
band  and  is  a  powerful  p  dopant  in  ZnTe  only.  More¬ 
over,  as  a  function  of  alloy  composition  x  in  ZnTe,_,Se, 
or  (ZnTc),_,(CdSe),,  the  relevant  deep  level  should 
move  from  below  the  valence-band  maximum  into  the 
gap — and  the  character  of  the  Zn-cn-anion-site  defect 
should  change  rather  abruptly  from  a  p-type  acceptor  to  a 
deep  trap  which  no  longer  dopes  the  material  p-’.ype. 
(See  Figs.  5  and  (iK  Hence  the  material  should  change, 
rather  abruptly,  from  being  p  type  to  n  type.  The  abrupt 
character  of  this  transition  should  be  an  experimental  sig- 
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FIG.  5.  Predicted  dependence  on  alloy  composi'.ion  x  of  the 
energy  levels  (in  eV)  for  the  anion-site  defects  Zn,,*,  (solid  line), 
f-ijxKMi  (the  same,  solid  line),  and  Be„K>,  (dashed)  in  ZnTei.^Se,. 
Tne  pi/2-Hke  level  derived  from  the  Tj  deep  level  is  labeled  r?. 
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FIG.  6.  Predicted  dependence  on  alloy  composition  x  of  the 
energy  levels  (in  eV)  for  the  anion-site  defects  Zn,„,o„  (solid  line) 
and  (dashed)  in  (ZnTe)i_,(CdSe),.  The  pj^-.-like  (p,,;- 

like  levels  derived  from  the  T;  deep  levels  ar*  labeled  Fi  (f,). 
For  X  =0,  and  for  a  neutral  Znr,  defect,  the  F r  level  is  occupied 
by  two  electrons  and  the  F j  level  by  four  holes. 


nature  of  the  antisite-defect  doping  mechaniim,  which 
perhaps  can  be  detected  by  a  sudden  change  of  doping 
character  with  alloy  composition  x  in  ZnTe,_,Se,  or 
(ZnTe),_,(CdSe),,  by  optical  spectroscopy  (allowing  for 
the  fact  that  both  the  Vulence-band  edge  and  the  deep  lev- 
ei  have  Tj  symmetry),  or  by  pressure  ov  strain  measure¬ 
ments  which  cause  ii;e  deep  level  to  move  into  or  out  of 
the  fundamental  band  gap. 

Zn  is  not  the  only  antisite  defect  that  is  p.'-edicted  to 
produce  a  strong  p  dopant.  Liy,  (although  unlikely  to 
occur  in  large  concentrations)  is  likewise  a  f  riallow  accep¬ 
tor  yielding  nominally  five  holes''  to  ■:  valence  band. 
The  energy  of  the  foreign  antisite  L:  deep  level  is  essen¬ 
tially  the  sa.mc  as  that  of  native  aniisite  Zn — and  so  sub¬ 
stitutional  antisite  Li  should  also  undergo  a  similar  deep- 
shallow  transition  as  a  function  of  ailoy  composition. 
(Note  that  this  paper  does  not  consider  the  questions  of 
whether  the  Li  would  be  mechanically  stable  on  such  a 
site  or  whether  it  would  naturally  occupy  such  a  site  with 
reasonable  probability.)  Thus,  for  example,  if  we  assume 
an  oversimplified  situation  for  the  Li  dopin^  of  ZnTe  in 
which  there  are  no  vacancies  or  other  defects,  and  if  wc 
denote  the  concentrations  of  interstitial-,  Zn-site,  Tc-site, 
and  Se-site  Li  by  [Li/],  [Lizp],  (Lijj),  and  [Lij,],  then  the 
conditions  for  p-type  character  in  ZnTe  and  ZnSe  are 

5[LiT.]m[LizJ-[Li,]>0. 

and 

-[LisJ  +  [Liz„]-[Li/]>0. 

Cle.Tly  the  antisitc  Li  could  make  a  di.Tcrence  in  the  dop¬ 
ing  character  of  li.c  host,  p.uvidcd  it:;  concentration  is 
large  enough.  Now,  in  an  equilibrium  situation,  the  Lije 


concentration  is  likely  to  be  exponentially  stiller  th:n 
(Lij^),  and  so  Li  by  itself  should  not  change  t  ic  dcifirig 
character  of  a  II-VI  semiconductor;  but  this  e.'tt  m:li!  ,  ■ 
lustrates  in  a  simple  case  how  the  concern ri  iars  of  the 
different  point  defects  determine  the  doping  cha  r:cijr 

Another  interesting  prediction  of  the  thtor/  is  thtit  IL 
vn  an  anion  site  is  a  (quadruple*')  acceptor  in  ':oth  ZnSe 
and  ZnTe,  while  remaining  Isoelectronic  when  nccuoin; 
a  Zn  site.  (See  Fig.  5).  Thi.s  means  that  heavy  Be  depir.; 
may  also  make  ZnSe  p  type.*’ 

On  the  anion  site,  only  Zn,  Mg,  Cd,  Li,  arc.  H  and  H; 
are  predicted  to  have  different  doping  characte-s  in  ZnSi 
and  ZnTe.  On  the  cation  site  Ar,  F,  0,  Bi,  5b,  fin,  G:,  Si, 
B,  H  and  the  vacancy  have  different  dooing  cht.ractjrs. 
Sec  Figs.  1-4.  Ptedicted  energy  levels  are  gi''ea  in  Figs. 
7-22.  (Impurities  with  no  deep  levels  nea*  the  fjndi- 
mental  band  gap  behave  according  to  the  oor.vcn;  cnil 
rules  and  are  not  displayed.) 

It  is  noteworthy  that  the  anion  vacancy  s  a  dcuble 
donor  for  both  ZnSe  and  ZnTe — as  an:icip:.tec  by  the 
e.xtensive  self-compensation  literature.  Th.s  is  a  ca;e  of 
false  valenee,**  because  the  removal  of  a  coiumn-VI  atom 
should  add  six  holes  to  the  valence  band,  ret  two  elec¬ 
trons  to  the  conduction  band.  The  removal  of,  say,  Te  .n 
ZnTe  is  achieved  theoretically  by  driving  its  atomic  ener¬ 
gies  to  infinity  as  well  as  adding  six  holes.  In  the  case  of 
ZnTe  and  other  II-VI  semiconductors,  this  causes  an  A  , 
and  a  T"-  level  to  move  from  the  valence  band  into  the 
conduction  band. 

Within  the  context  of  the  conventional  self¬ 
compensation  picture,  each  acceptor  in  p-type  doped 
ZnSe  is  compensated  by  a  dc-ble-donor  anion  vacancy 
generated  as  a  result  of  acceptor  doping.  If  the  same  en- 
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FIG.  S.  Pr;dic;ed  deep  energ>  levels  in  the  gap  of  ZnSe  due 
;o  s-  ind  p  bo.-ded  substitutional  impurities  on  the  Zn  site.  The 
.mpurit  es  are  indicat' d  on  the  a’o»cissa. 

ergy  that  produced  an  anion  vacancy  instead  produced 
an  anion-site  antisite  Zn,  then  in  ZnSe  every  antisite  de¬ 
fect  would  compensate  .'oughly  two  acceptors  (or  one  va¬ 
cancy),  but  in  ZnTe  this  would  not  happen.  Moreover,  it: 
ZnTe  roughly  every  two  vacancies  would  be  compensated 
by  one  ar.tisite  defect,  blocking  the  conventicnal  self- 
compensation  process.  .Antisite  defects  are  common  in  a 
variety  of  semiconductors,  as  argued  by  Van  ^'echte^  and 
others.*'  The  formation  energy  should  be  less  for  the  an- 


MMJJ-  i-MU  MM  MM 


Va  H  He  B  C  S  0  F  Ne 
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FIG.  7.  Predicted  deep  energy  levels  in  the  gap  (.striped)  of 
ZnSe  due  to  s-  and  p-bonded  substitutional  impurities  on  the  Zn 
site.  The  impurities  are  indicated  on  the  abscissa.  Their  occu¬ 
pancies,  when  ncut.'al.  a:-  indictited  by  open  triangles  for  holes 
and  by  closed  circles  for  electrons. 
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FIG.  9.  Predicted  deep  energy  levels  in  the  gap  of  ZnSe  due 
to  s-  .and  p-bemded  substitutioita!  impurities  on  the  Zn  site.  Tlie 
impurities  at-'  indicated  on  the  abscissa. 
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FIG.  10.  Predicted  deep  energy  levels  in  the  gap  of  ZnSe  due 
to  J-  and  p-bonded  substitutional  impurities  on  the  Zn  site.  The 
impurities  are  indicated  on  the  abscissa. 


FIG.  12.  Predicted  deep  enc.'cy  levels  in  the  gap  of  ZnSe  due 
to  s-  and  p-bonded  substitutional  impurities  on  the  Se  site.  The 
impurities  are  indicated  on  the  :.  >cissa. 


tisite  defect  than  for  the  vacancy,  and  the  number  of  an¬ 
tisite  defects  to  be  e.vpected  at  equilibrium  should  exceed 
the  number  of  vacancies.  Stated  more  simply,  it  normally 
costs  less  energy  to  rearrange  a  bond  than  to  break  it. 
Hence  in  most  crystal-growth  processes,  an  adequate 
number  of  Znjj  defects  should  be  created,  and  the  self¬ 
compensation  would  be  expected  to  be  impotent  in  ZnTe 
but  not  inZnSe.  For  example  (Fig.  23),  in  ZnSe  with  one 
Na  acceptor,  one  Se  vacancy,  and  one  Znj,  antisite  de¬ 
fect,  the  shallow  Na  acceptor  level  is  fiilc  J  by  one  of  the 
vacancy’s  two  electrons,  with  the  other  electron  occupy- 
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FIG.  1 1 .  Predicted  deep  energy  levels  in  the  cap  of  ZnSe  due 
to  S‘  and  p-doped  substitutional  impurities  on  the  Zn  site.  The 
impurities  are  indicated  on  the  abscissa. 


ing  the  F,  Zn  deep  level  in  the  gap  (leaving  it  with  three 
electrons  and  three  holes).  Thtre  t>  nop-type  conductis  i- 
ty.  In  contrast,  the  same  situ;  lion  in  ZnTe  leaves  the  two 
electrons  from  the  vacancy  'veupying  tw^o  of  the  fiv* 
empty  shallow  orbitals  cf  b.-lh  Na  and  Znjj,  leaving 
three  thermally  ionizable  holes  and  p-type  conductivity. 
Therefore,  we  propo.se  that  p-type  conductivity  is  rather 
easily  achieved  only  in  ZnTe  of  the  common  Il-VI  semi¬ 
conductors  because  only  in  ZnT.:  is  the  antisiie  defect 
Znjj  a  shallow  acceptor  rather  than  a  deep  trap. 
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FIG.  13.  Predicted  deep  energy  levels  in  il;e  gap  of  ZnSc  d'.:e 
to  !•  and  p-bonded  subsiituti-mal  impuriiics  on  :he  Se  site.  The 
imparities  are  indicated  or.  ..  .•  abscissa.  Al  (not  shown)  has  a 
similar  electronic  structure  ic  Ga. 
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FIG.  14.  Predicted  deep  energy  levels  in  the  gap  of  ZnSe  due  FIG.  16.  Predicted  deep  energy  levels  in  the  gap  of  ZnTe  due 

to  s-  and  p-bonded  substitutional  impurities  on  the  Se  site.  The  toi-  and  p-bonded  substitutional  impurities  on  the  Zn  site.  The 
impurities  are  indicated  on  the  abscissa.  impurities  are  indicated  on  the  abscissa. 


IV.  potential  problems  WITH  THE  MODEL 

Two  concerns  that  we  have  about  the  theory  are  (i)  an 
explanation  is  required  of  why  II-VI  semiconductors  oth¬ 
er  than  ZnTe  have  an  n-type-doping  proclivity  and  (ii)  the 
omission  of  Coulomb  effects  from  the  theory  could  cause 
our  level  predictions  to  be  in  error  more  than  we  current¬ 
ly  believe. 

A.  n-type  doping 

If  the  antisite  defects  alone  occur  in  the  same  concen¬ 
trations  in  ZnSe  and  ZnTe,  then  one  must  e.xplain  why 


ZnSe  apparently  is  more  easily  doped  r  type.  In  our 
model,  the  n-type  dopants  must  first  compensate  all  the 
antisite  defects,  after  which  they  produce  donors — and 
the  physics  is  the  same  for  ZnSe  and  ZnTe.  However,  we 
suspect  that  there  are  fewer  Znje  defects  in  ZnSe  than 
comparable  antisite  defects  in  ZnTe,  basically  because  Zn 
is  more  similar  to  Te  than  to  Se,  both  in  its  atomic  size 
and  its  electronic  energy  levels.  Doping  the  semiconduc¬ 
tor  n  type  with,  say,  Ga  coui-l  exacerbate  such 
differences.  Therefore  we  believe  that  the  n-type  doping 
differences  of  ZnSe  and  ZnTe  can  be  plausibly  explained. 


ZnTe  Cation-site  Impurity  Levels  ZnTe  Cation-site  Impurity  Levels 
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FIG.  1 5.  Predicted  deep  energy  levels  in  the  gap  of  ZnTe  due 
to  I-  and  /7-bonded  substitutional  impurities  on  the  Zn  site.  The 
im  '.rities  are  indicated  on  the  abscissa. 
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FIG.  17.  Predicted  deep  energy  '.evels  in  the  gap  of  ZnTe  due 
to  s-  and  p-bvsiided  substitutional  impurities  on  the  Zn  site.  The 
impurities  are  indicated  on  the  abscissa. 
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FIG.  18.  Predicted  deep  energy  levels  in  the  gap  of  ZnTe  due 
to  s-  and  p-bonded  substitutional  impurities  on  the  Zn  site.  The 
impurities  are  indicated  on  the  abscissa. 

B.  Coulomb  efTeets 

It  is^^very  diflicult  tOjprecisely  dc' ermine  the  Coulomb 
effects  on  deep  levels  in  II*VI  semiconductors.  Therefore 
we  have  actually  executed  three  rather  different  theorcti* 
cal  calculations  which  generally  agree  that  the  position  of 
the  Znxj  deep  level  with  respect  to  the  ZnTe  valence- 
band  edge  is  about  0.2-0.5  eV  lower  than  the  energy  of 
the  Zn$,  level  with  respect  to  the  ZnSe  band  edge  (in  any 
charge  state).  These  theories  do  not  agree,  however,  on 
the  precise  location  of  the  neutral  Zn^-,  deep  level,  which 
the  present  theory  .places  in  the  ZnTe  valence  band,  while 
the  other  two  theories  place  the  level  near  midgap  (but 
with  a  theoretical  uncenainty  due  to  finite  supercell  size 
of  order  1  eV). 
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FIG.  19.  Predicted  deep  energy  level?  in  the  gap  of  ZnTe  due 
to  S’  and  p*bonded  siib<-'iliilional  impurities  on  the  Zn  sue.  The 
impurities  are  indicated  on  the  abscissa. 
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FIG.  20.  Predicted  deep  energy  levels  in  the  gap  of  ZnTe  due 
to  S’  and  p*bondcd  substitutional  impurities  on  the  Te  site.  The 
impurities  are  indicated  on  the  abscissa. 

The  first  calculations,  the  ones  we  have  described  here, 
are  based  on  an  empirical  tight-binding  model  of  elec¬ 
tronic  structure,  and  incorporate  Coulomb  effects  only 
implicitly  in  the  parameters  of  the  model.  These  calcula¬ 
tions  arc,  strictly  speaking,  for  neutral  defects  in  the  ZnSe 
or  ZnTe  host,  and  do  not  directly  consider  the  negative 
charging  of  Zn^,  as  the  holes  in  the  Zn  deep  level  bubble 
up  to  the  valence-band  maximum.  This  cha-ging  will 
cause  the  deep  level  to  move  up  in  energy  about  b.2-0.3 
eV  for  each  additional  electron  trapped  in  the  deep  level’ 
(an  effect  omitted  from  the  modeD—hence  the  Zny,  level 
may  move  into  the  gap  after  the  first  or  second  electron  is 
trapped  on  the  Zn  (i.e.,  after  one  or  two  holes  "bubble 
up"  to  the  vaience-band  maximum) — making  Zn^c  a  sin¬ 
gle  or  double  acceptor  rather  than  a  full  fourfold  accep- 
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FIG.  21.  Predicted  deep  energy  levels  in  the  gap  of  ZnTe  due 
to  S’  and  /»-bonded  substitutional  impurities  on  the  Te  site.  The 
impurities  are  indicated  on  the  abscissa.  AI  (not  shown)  has  a 
similar  eiertronic  structure  to  Ga. 
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FIG.  22.  Predicted  deep  energy  levels  in  th  '  rap  of  ZnTe  due 
to  i-  and  p-bonded  substitutional  impurities  on  the  Te  site.  The 
impurities  are  indicated  on  the  abscissa. 
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FIG.  23.  Illustrating  (al  self-compensation  in  the  presence  of 
a  Zns,  defect  in  ZnSe  and  (bl  ■’an'.i-self-compensation"  by  Znx, 
in  ZnTe.  The  self-compensation  mechanism  assumes  that  dop¬ 
ing  with  an  acceptor  such  as  Naj„  leads  to  production  of  a  com¬ 
pensating  double-donor  anion  vacancy.  For  simplicity  we  as¬ 
sume  that  there  are  only  three  defects:  Na^n,  the  .'.nion  vacancy 
and  the  Zn-antisites  Zns,  and  Zny,.  In  both  cases,  an 
ciectron  (solid  circlel  from  the  anior.  vacancy’s  shallow  donor 
level  comper.-.i'.cs  (solid  lines)  the  hole  (open  triangles)  of  the 
defect’s  shallow  acceptor  level.  The  remaining  vacancy 
electron  is  trapped  (dashed  lines)  (al  by  the  Znj,  deep  level  in 
ZnSe  or  (b)  by  the  shallow  acceptor  level  in  ZnTe,  because  the 
holes  of  the  Znx,  deep  level  have  bubbled  up  (wiccly  lines)  to 
the  shallow  acceptor  level.  The  remaining  three  holes  in  the 
Zn-f,  shallow  level  are  thermally  ionizable  in  ZnTe,  render  the 
self-compensation  by  the  vacancy  impotent,  and  dope  the  ma¬ 
terial  p  type,  whereas  the  holes  in  the  deep  level  of  ZnSe  are  not 
thermally  ioniza’cie,  so  that  the  Znj,  level  traps  bif.h  electrons 
and  holes,  reducing  conductivity. 


::r  Tiius  :he  qualitative  physics  governing  doping  pro- 
clisiiy  Will  be  the  same,  although  the  number  of  free 
hole:;  per  defect  will  be  smaller,  so  long  as  the  deep  level 
of  the  rieutril  Zn-j-j  defect  is  correctly  predicted  to  lie 
beloH  thiC  valence-band  maximum. 

The  ;ecord’  and  third'^  theories  are  local-density 
treo'  es  for  defect  in  a  supercell  of  finite  size,  and  pro¬ 
duces  levels  for  the  neutral  defect  Zn-r,  somewhat  higher 
t '.an  the  levels  of  the  present  theory.  However,  due  lo 
the  f  iiiie  size  of  the  supcrcells,  the  predicted  levels  arc  ac¬ 
tually  bands  of  order  1  eV  wide.  Furthermore  local- 
density  theory  is  known  to  produce  incorrect  band 
gaps — and  this  can  lead  to  errors  in  deep-level  energies.'® 

The  second  theory  is  the  light-binding-like  version  of 
lociil-density  theory  discussed  by  Jansen  and  Sankey,’ 
while  the  third  is  a  pseudofunction'^  implementation  of 
local-density  theory.  We  executed  the  pseudofunction 
calculations  for  supercells  of  A',  =  16  and  A',=32  atoms, 
and  found  that  (relative  to  the  valence-band  maximum) 
the  deep  level  moved  down  in  energy  with  increasing  su- 
pcrcell  size,  as  the  level’s  width  decreased.  Perhaps  the 
local-density-theory  levels  of  Zn-p^  would  also  lie  in  the 
valence  band  if  the  supercell  size  were  increased  until 
convergence  were  achieved. 

We  conclude  on  the  basis  of  these  theories  that  we  can¬ 
not  definitively  place  the  neutral  Zn-j-j  deep  level  below 
the  Znxj  valence-band  maximum — nor  can  we  place  it  in 
the  gap  definitively.  Therefore  the  issue  of  the  location  of 
this  level  will  have  to  be  determined  experimentally. 

In  this  regard  we  note  that  Li  doping  produces  a  mys¬ 
terious  deep  level  in  ZnSe  just  above  the  valence-band 
maximum,'*^  and  no  corresponding  level  in  the  gap  of 
ZnTe — as  the  present  (first)  theory  predicts.  While  this 
fact  lends  credence  to  the  present  theory,  it  does  not 
confirm  the  theory  unambiguously  (because  the  nature  of 
the  Li-related  defect  is  unknown). 

We  conclude  that  there  is  good  circumstantial  evidence 
for  the  Zn-Tt  defect  yielding  a  d.-p  level  in  the  valence 
band  of  ZnTe,  the  kind  of  deep  level  needed  to  explain 
the  p-type  doping  proclivity  of  ZnTe.  The  case  is  not  air¬ 
tight,  appears  to  be  unresolvable  by  theory,  and  calls  for 
careful  experimental  investigation.  In  particular,  careful 
studies  of  the  dependenre  of  doping  proclivity  on 
stoichiometry  and  on  alloy  composition  in  ZnTe,_jSej, 
might  confirm  or  exclude  the  present  model.  (Note  that  a 
rather  sudde;;  change  in  doping  proclivity  as  a  function 
of  alloy  content  x  is  implied  b;  the  present  model.) 

V.  SU.MMARY 

The  viewpoint  presented  her-c  is  admittedly  somewhat 
oversimplified  in  the  inteiest  o;  illustrating  the  essential 
physics  of  the  problem.  Nevertheless  we  hope  that  efforts 
to  test  this  simple  picture  will  be  attempted  because,  if 
the  picture  is  correct  as  we  ’relieve,  then  schemes  for 
overwhelming  the  p-type  doping  problem  in  some  other 
Il-VI  semiconductors  than  ZnTe  will  be  feasible.®  Two 
obvious  schemes  are  (i)  to  grow  ZnSe  under  conditions 
unfavorable  to  Znjj  formation,  and  ii)  to  engineer  the 
electronic  structure  of  a  perturbed  verslo:;  of  ZnSe  so 
that  the  antisite  defect’s  deep  level  is  resonant  with  the 
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valence  band. 

Finally  our  conclusions  are  based  only  on  the  oc> 
currence  of  defects  with  deep-level  electronic  structures, 
similar  to  those  predicted  for  the  Zn  (and  Li)  antisite  de¬ 
fects.  The  model  for  the  p^ype  doping  will  still  be  valid 
if  another  defect  has  similar  electronic  structures  in  ZnSe 
and  ZnTe.  Furthermore  the  model  does  not  rely  in  any 
way  on  a  detailed  picture  of  the  “self-compensation"  pro¬ 
cess  or  a  knowledge  of  the  detailed  forces  on  defects. 
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Scanning  tunneling  microscope  images  of  native  antisite  defects  at  the  relaxed  (1 10)  surface  of 
ZnSe  are  predicted.  The  images  of  a  particular  sample  depend  bn  the  sign  of  the  voltege  bias  and 
the  voltage  sweep  of  the  sample.relative  to  the  microscope  tip,  and  whether  that  sweep  causes  a 
deep  level  to  actively  participate  in  the  tunneling.  Under  certain  conditions  the  images  give  the 
appearance  of  two  defects  at  incorrect  sites. 


(.INTRODUCTION 

In  this  paper  we  report  the  first  theoretical  scanning  tunnel¬ 
ing  microscope  ( STM )  images  of  surface  antisite  defects  on 
the  ZnSe(  1 10)  surface.  This  work  was  stimulated  by  mea¬ 
surements  imaging  II-Vl  semiconductor  surfaces  by  scan¬ 
ning  tunneling  microscopy,  '  following  earlier  experimenu 
on  GaAs.*-*  We  follow  the  theory  of  TersofT  and  Hamann* 
who  have  argued  that  an  ideal  STM  obtains  an  image 

7(r)  -pJf 

X  (/.A.R1<5(£  -  H)  |/,i,R)  -  R  ~>v* )  \\ 

Here  we  have  S(E~H) » (  -  1/jr)  Im  C»(£-i;.(!ji)  where 
iO  is  a  positive  imaginary  infinitesimal  and  G  i'  thib  Green’s 
function  for  the  relaxed  ( 1 10)  surface.  The^nidex  /  ranges 
over  the  basis  orbitals,^  with  the  values  and  s* 

(an  excited-state  orbital*);  the  posiuon  of  an  atom  is  de¬ 
noted  by  its  unit  cell  R,  and^its  site- V*  in  the  cell,  where  b 
denotes  either  anion  or  cation,  the  ^,(r  — R-v*)  are 
Lowdin  orbitals  centered  on.R  -f  v^.  Electrons  tunnel  from 
the  tip  to  the  ZnSe  conduction  band  when  the  sample  is  bi¬ 
ased  positive;  and  we  integrate  from  a  »  (the  conduc¬ 
tion-band  edge)  to/?  »Ec  +  Eo,  where  £„  is  typically  1  eV, 
and  add  in  the  contribution  from>iny  empty  deep  levels  in 
the  gap  thdt  lie  within  t^  the  voltage  sweep.  A 

negatjv^ly  biased  ZnSe  sample  te/.ative  to  the  tip  senses  elec- 


Fic.  I  Predicted  STM  image  /{.v..r.i)  for  a  relaxed  perfect  ZiiSef  1 10)  \ur- 
face  with  a  tip-xaniple  distance  c  =  5  (rn*,,  under  negative  bias.  Note  that 
the  Se  atoms  arc  prominent.  The  units  in  the  .v-  and  ^’-directions  are  A. 


trons  below  the  valence-band  maximum  £„,  and  we  inte¬ 
grate  from  a  a  £„  —  £o  to£  a*  £v,and  add  in  the  contribu» 
tion  of  any  occupied  de^  levels  in  the  gap  within  the  range  of 
the  voltage  sweep.  Here.we  compute  the  STM  image  ob¬ 
tained  by  measuring  the  cuirmt  I  for  a  tip  at  a  fixed  distance 
X  alwve  the  x-y  plane,  which  correspond*  to  the  plane  of  the 
Unre)ax^'^(  1 1C)  suriace.  In  the  present  work,  we  use  thf 
typii^  value z  where aiohr  *  0.S3  A,  and  sum  R 

over  2$.unit  beUs  on  the  surface.  (Subsurface  contributions 
arenegli^ble.) 

btir  calculiitions  of  STM  images  employed  established^ 
nnpirical  tight-binding  Hamiltonians  Tfo  and  H  *  to  repre¬ 
sent  the  relaxed  perfect  and  defective  ZnSe(  1 10)  surfaces, 
respectively.  The  relaxation  consisted  of  a  rigid  rotation  of 
the  anions  up  out  of  the  suriace  plane  through  an  angle 
0)  at  23.6*.  Details  of  tlutcaiculational  method,  which  is 
based  on  the  ideu  of  Yogi  et  Hjalmarioh  et  al.,*  and 
Allen  et  al.'*  **  are  available  elsewhere.  '* 

II.REML.TS 
A.  P*Hact  surfae* 

The  images  calculated  for  the  perfect  relaxed  ( 1 10)  sur¬ 
face  of  ZnSe  are  given  in  Figs.  1  and  2  and,  as  expected,  show 
bumps  at  the  Se  and  Zn  sites,  for  negative  and  positive  bias 
(of  the  sample  with  respect  to  the  tip),  respectively. 


Fio.  2. 1’redicted  STM  image  i{,\\v.:)  for  a  rclaxei*  petuvt  ZiiSc(  1 10)  '.iir* 
face,  under  positive  bias.  Note  that  the  Zii  atoms  are  proiiimeiit. 
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gu« 


Fig.  3.  Predicted  STM  ima|ey(x,>>,;)  for  a  relaxed  ZnSe(  110)  surface  with 
a  Zn^.  defect  at  the  crou.  under  nefative  bias  such  that  the  deep  level  is  not 
in  the  tunneling  region  (see  the  inset ).  Note  the  depression. 


Fig.  5.  Predicted  STM  image /|jf..r.r)  fora  relaxid  ZhSe(  110)  surface  with 
aSej.  defect  at  the  origin,  under  negative  bias  such  that  the  deep  level  lies  in 
the  tunneling  region  (see  the  inset ).  Note  the  two  peaks  at  adjacent  Se  sites. 


B.  D«feetiv«  surface 

The  images  of  defective  surfaces  depend  on  the  bias  condi¬ 
tions,  band  bending,  &.'<d  the  Fermi  energy.  Here  we  discuss 
sor.te  representative  images. 

When  the  Zn  on  Se-site  antisite  defect,  Zns,,  is  present  at 
the  surface,  it  produces  an  empty  deep  level,  capable  of  con¬ 
taining  two  electrons,  ail.18  eV  above  the  valence-band 
maximum  at  the  surface.  Under  negative  bias,  if  the  deep 
level  is  unoccupied,  electrons  from  the  ZnSe  valence  band 
produce  a  tunneling  current  and  Zn$«  is  visible  as  a  slight 
depression  at  its  site  (Fig.  3).  Under  positive  bias  such  that 
the  deep  level  is  unoccupied  but  resonant  with  the  tip's  Fer¬ 
mi  sea,  two  small  peaks  emerge  at  the  sites  adjacent  tcihe 
surface  defect  site  (Fig.  4).  The  qualitative  feature  of  the 


image  are  sensitive  to  the  surface  deep  level  structure  and 
depend  on  the  sign  of  the  bias  Voltage. 


TheSe^^  antisite  defect  behaves  somewhat  differently 
when  imag^.  The  neutral  surface  defect  has  a  doubly  occu¬ 
pied  deep  level  a  0.42  eV  above  the  valence-band  edge  at  the- 
surface,  which,  when  above  the  tip’s  Fermi  energy,  produces 
a  two-peaked  imaije— with  the  peaks  at  neighbors  to  the  de¬ 
fect.  (See  Fig.  5.)  This  happens  because  the  neighboring  Se 
atoms  have  rotated  up  out  of  the  surface  and  are  closer  to  the 
tip  and  because  the  efcct’s  electronic  stale  has  an  antibond- 
ing  character,  placing  significant  wave  function  amplitude 


FlO.  4,  Predicicd  STM  image  /(.v,c.j)  for  u  relaxed  ZnSe- 1 10  surface  wuh 
a  Zn^  defect  ai  the  erovv  under  positive  bias  .such  that  tunneling  into  the 
deep  level  occurs  (see  (lie  inset )  Note  the  Isso  |.e.i)ss  at  ailjaceni  Zn  xiles, 


Fio.6. 1’redicled  STM  image  ft .v.jso  fora  relaxed  ZnSel  I  lOl  surface  wiih 
a  Se/,  defect  at  the  origin  -v  »  p  »» n  .iinJsr  positive  bias  such  that  ll.e  deep 
level  IS  not  Id  the  range  of  itinneling  energies  (see  the  inset)  Note  the  .slight 
depression  at  the  defect  site. 
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on  the  neighboring  atoms.  Finally,  a  positive  bias  as  in  Fig.  6. 
leads  to  a  slight  depression  at  the  defect  site  (Fig.  6). 

III.  SUMMARY 

We  find  that  the  ideal  STM  images  of  antisite  defects  are 
not.always  bumps,  but  sometimes  are  depressions  or  even 
two-peaked  structures — depending  on  (i)  whether  or  not 
the  voltage  sweep  causes  the  defect’s  deep  levels  to  partici¬ 
pate  actively  in  the  tunneling  and  (ii)  the  proximity  of  the 
defect  to  the  tip.  These  facts  complicate  the  analyses  of  STM 
data,  and  indicate  that  eareful  experiments  combined  with 
careful  analyses  are  necessary.  These  complications  are  in 
fact  advantages,  however,  because  they  will  help  in  the  iden¬ 
tification  of  surface  defects. 
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The  standard  n^type  dopant  Ga  is  predicted  to  change  its  character  from  a  shallow  donor  to  a 
deep  trap  with  increasing  alloy  composition  x  in  Znt  _ Mn,  Se.  As  a  result,  Ga>doped 
Zni  _ Mn;,  Se  alloys  should  n  type  for  very  small  x,  but  not  for.Mn-rich  material. 


ZnSe  is  a  wide  band*gap  II-VI  semiconductor  that  is 
rather  easily  duped  n  type,'  but  has  been  extremely  difficult 
to  dope p  type  until  recently.^”’  The  standard  n  dopant  is  Ga, 
which  occupies  a  cation  site.  In  thit  letter  we  consider  the  Ga 
doping  of  Zn,  _ Mn^  Se  alloys  aiid  predict  that  there  exists 
a  criiical  value  of  the  Mr.  composition  x,  such  that  for 
X  >  X,  Ga  will  not  be  a  donor  in  Zni  _  ^  Mn,  Se  and,  hence, 
will  not  dope  Zn ,  _  ,  Mn ,  Se  «  type. 

Our  predictions  arc  based  on  the  concept  of  a  shallow- 
deep  transition  in  which  a;:  s-like  A ,  symmetric  “deep”  level 
of  Ga  lies  above  the  conducticn-band  edge  of  ZnSe,  donating 
its  extra  electron  to  the  conduction  band  (see  Fig.  >l).  With 
increasing  alloy  composition  x,  the  conduction-biind  edge 
mo'’es  up  in  energy  with  respect  to  the  Ga  A  j  deep  level  and 
passes  through  it,  leaving  the  level  as  a  trap  in  the  gap  capa* 
ble  of  capturing  a  second  electron  of  Opposite  spin  (and  re¬ 
moving  a  carrier  from  the  conduction  band). 

The  theoretical  predictions  for  the  energy  of  the  Gu  deep 
level  as  a  ("unction  of  the  Mn  concentration  x  are  given  in  Fig. 
2,  along  with  the  conduction-band  edge's  dependence  onx. 
For  X  <  Xf ,  Ga  is  a  donor  and  an  «-type  dopant,  but  for  x  >  x, 
neutral  Ga  is  a  deep  trap.  The  theory  is  basically  the  Hjal- 
marson  etal,  theory  of  substitutional  deep  impurity  levels."*"' 
modified''^  to  account  for  the  d  states  of  .Mn  (which  do  not 
play  a  significant  role,  because  the  spin-up  d  sutes  lie  well 
below  the  valence-band  maximum  and  the  spin-down  states 
are  well  above  the  conduction-band  edge'*).  The  theoretical 
uncertainty  in  the  predicted  deep  level  energy  for  the  Hjal- 
.marson  model  is  typically  a  few  tenths  of  an  electron  volt, 
and  so  the  predicted  value  of  x,  »  0.09  may  be  uncertain  by 
about  0.05.  Nevertheless,  the  Hjalmarson  model  has  a  long 
history  of  successfully  predicting  chemical  trends,  and  the 
qualitative  dependence  of  the  Ga  level  on  alloy  composition 
(Fig.  2)  should  certainly  be  observed.  The  major  implica¬ 
tion  of  the  pr  *  diction  is  that  growing  Mn-rich,  Ga-doped,  n- 
type  Zn,_,Mn,Se  should  be  very  difficult,  ever,  though 
Ga-dqp^  ZnSe  itself  is  normally  n  type.  Other  column  III 
dopants  should  exhibit  this  same  behavior,  although  will 
be  slightly  larger  by  about  0.03-0.04  for  the  heavier  atoms  In 
orTl. 

Such  shallow-deep  transitions  of  deep  levels  are  well 
known  in  semiconductors  and  profoundly  alter  the  electrical 
or  optical  p.'operties  of  the  ho.'  t  Perhaps  the  best-studied 
case  is  .Vir  GaAs,  which  produces  an  isoelectronic 
deep  level  in  the  gap  for  x>  0.2,  but  moves  into  the  conduc¬ 
tion  jand  for  As-rich  material,  x  <  0.2.  This  .V  >evcl  plays 
a  prominent  role  in  the  electroluminescence  of  Ga.^.S; , . 
The  DX  center  in  Al,  Gai  _ As  is  another  case.  This  center, 
which  is  very  likely  associated  with  Si  or  a  similar  do¬ 


nor, descends  from  the  conduction  band  of  GaAs  into 
the  gap  with  increasing  x,  much  as  Ga  does  in 
Zn,  _ ,  Mn,Se.  The  center  is  technologically  important 
because  it  limits  the  fabricatici'  of  high  electron  mobility 
transistors  (HEMTs). 

The  experimental  evidence  supporting  the  prediction  of 
a  Ga  shallow-deep  transition  in  Zn,  _  ,Mn,Se  is  presently 
fragmentary  and  qualitative:  Ga  dopes  ZnSe  n  type  but  Ga 
doping  of  Zn,  _  ,  Mn,  Se,  even  with  only  mod;st  amounts  of 
Mn,;has  not  yielded  a  signiheantmumber  of  carriers. Sys¬ 
tematic  studies  of  Zn,  _  ,  Mn,  Se  alloys  afeneeded  to  test  the 
picture  presented  here. 

One  possible  way  to  test  the  theorj-  is  to  apply  hydrostat¬ 
ic  pr-iSure  to  Ga-doped  Zn  ■  _  ,  Mn,  Se  and  monitor  the  car¬ 
rier  density.  For  pressures  of  30  kbar,  the  conduction-ban- 
edge  should  move"’’’^  above  the  Ga  deep  level  for  x>  0.07, 
causing  an  abrupt  drop  in  the  number  of  carriers. 


>caM 


VBM 
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ZnSetGa  ZnggMnojSetGa 
Donor  Trap 

(a)  tb) 

FIO.  l.  Schematic  illustration  of  the  shallot^-Kleep  transition  of  Oa  in 
Zn,.  ,.Mn,Se.  (a)  Forx»0.  theGa.-(,  symmetric  deep  level  is  resonant 
with  the  conduction  band.  The  extra  electrot.  iis.>.(>ciated  with  this  column 
III  impurity  on  acolumn  II  sitespillsoui  >'■  "ris.-  i.-'-el  and  falls  to  theconduc* 
tion-band  rtge,  ionizing  the  Ga.  The  v.'-.un.iv.o  potentisi  of  the  ionized  Ga 
then  binds  the  electron  in  a  hydrogen,.  •  ..llow  donor  state  (at  zero  tem¬ 
perature).  (b)  For  the  deep  strtc  tic.-  in  the  funoamental.band  gap 
with  the  conduction-band  edge  at  higi,*';  energy,  and  t.-,.-  aeutrat.Oa  deep 
level  contains  one  electron  ( circle)  and  one  hole  ( t  rtantie  i .  ’iiid  can  trap  an 
electr,  of  opposite  spin,  depleting  a  carrier  from  tne  conduction  band.  The 
energy  scale  of  this  diagram  is  distorted  (or  illustrative  purposes. 
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FIG.  2.  Predicted energitt  (in  electron  volts)  oftheconduction<tiand  edge 
( light  solid  line )  and  the  cation-site  Ca  dMp  level  ( heavy )  vs  alloy  compo¬ 
sition  X  in  Zn,  ^ Mn, Se.  For  x <x,  the  Ga  deep  level  is  autoiohized  and 
the  extra  electron  is  trapped  in  the  is  hydrogeiiic  shallow  level  (dashed)  at 
zero  temperature.  Thermal  e.xeitation  of  this  level  causes  the  material  to  be 
n  type.  For  jc>  .v,  ,  Ga  is  a  deep  trap  and  tends  to  make  Zni  ,  .Vtn.Se  semi- 
insulating. 


We  believe  that  shallow-deep  transitions  .such  as  (he  one 
described  here  play  a  significant  role  in  (he  dctning  problems 
e.xperienced  by  II-VI  semiconductors.  Subsequent  work  will 
deal  with  the  complexities  of p  doping  and  propose  schemes, 
based  on  the  idea  of  shalloW'-deep  tran.sittons.  for  achieving 
p-type  conductivity  in  ZnSe.  We  hope  that  the  picture  we 
have  presented  here  will  be  tested  experimentally. 
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0352}  for  their  generous  support.  Wealso  thank  R.  (junshor 
for  stimulating  discussions  of  the  doping  problem. 
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It  is  predicted  that  thin  quantum-well  supr  attices  or  spike  super'-ittices  of  GaAs  in  ZnSc  will 
produce  band  gaps  in  the  yellow-green,  and  that  (GaAs),  (ZnSe)^  spikes  will  lead  to  green 
and  blue-green  gaps.  These  thin  quantum-weil  structures  should  have  better  doping  properties 
than  ZnSe  forac<0.6. 


I.  INtRODUCTION 

Diffraction-limited  optical  storage  on  compact  disks 
has  stimulated  the  quest  for  light  emitters  with  short  wave¬ 
lengths  in  the  grecn-to-blue  portion  of  the  spectrum.  The 
semiconducting  materials  most  often  considered  for  such 
applications  are  II-VI  compound  semiconductors*  and  A- 
based  III-V  semiconductors,  such  as  In,  _  ,  Ga,  N.*  The  A- 
based  III-V’s  are  difficult  to  grow  and  dope,  and  have  unde¬ 
sirable  large  shallow  acceptor  binding  energies,  whereas  the 

II- VI’s  generally  suffer  from  the  “doping  problem”;  it  has 
been  very  difficult  to  dope  most  II-VI’s  p  type,  with  the  ma¬ 
jor  e.xception  being  ZnTe,  which  resists  n  doping.  While 
there  have  been  some  recent  advances  on  the  II-VI  doping 
problem,^''*  one  cannot  avoid  wishing  that  a  well-understood 

III- V  semiconductor  such  as  GaAs  had  a  band  gap  in  the 
green  or  blue,  a  material  that  is  dopable  both  n  and  p  type, 
and  integratable  in  p-n  Junctions  and  artificial  microstruc¬ 
tures.  The  purpose  of  this  paper  is  to  predict  that  thin  GaAs 
layers  or  “spikes”  embedded  in  ZnSe  should  have  band  gaps 
in  the  yellow-green,  and  that  interdiffusion  of  the  GaAs 
spikes  with.theyZnSe  should  increase  the  band  gap  to  the 
blue-green.  Furthermore,  we  shall  argue  that  the 
(GaAs) ,  _ ,  (ZnSe),  spikes  for  a:  <  0.6  will  be  largely  free  of 
the  doping. problems  that  have  traditionally  limited  ZnSe 
and  other  II-VI  semiconductors. 

II.  BAND 

Our  approach  is  based  on  the  theory  of  the  electronic 
structure  of  superiattices  and  deep  levels  in  superlatticM.*"" 
We  consider  A,p,i,A2„se(001](GaAs)|  .,(ZnSe,)/ZnSe 
superiattices  where  is  small,  typically  less  than  10,  and 
A'zns,  is  large,  typically  10  or  greater.  (A  1 X 10  GaAs/ZnSc 
superlattice  consists  of  one  two-atom-thick  layer  of  GaAs. 
alternating  with  10  layers  of  ZnSe.)  The 
( GaAs ) ,  _  ,  ( ZnSe  )i  is  treated  in  the  virtual  crystal  approxi¬ 
mation.'*  These  superiattices  are,  for  all  intents  and  pur¬ 
poses,  lattice  matched;  hence,  their  theoretical  treatment  is 
the  same  as  for  GaAs/Al,Ga,  .,As  superiattices.*'"'*’  The 
GaAs/ZnSe  valence-band  offset  has  been  measured  to  be 
0.96  eV,"  and  is  assumed  to  be  a  linear  function  of  alloy 
composition  .t.  The  parameters  of  the  superlattice  Hamilto¬ 
nian  are  known  for  GaAs  and  ZnSe,*'  but  we  update  the 


ZnSe  parameters  here  to  account  for  the  determination  of 
the  (low-temperature)  ZnSe  band  gap  at  f  of  2.8  cV.*^’*'* 
The  resulting  band-gap  predictions  for  selected  values  of 
and  x,  with  Az„se  =  10,  are  given  in  Fig.  1.  The  gaps 
are  direct,  with  the  superlattice  conduction-band  minimum 
at  the  r  point  of  the  mini-Brillouin  zone;  the  quantum  well  is 
Type  I:  The  superlattice  conduction-  and  valence-band 
edges  lie  at  energies  within  the  fundamental  band  gap  of 
ZnSe.'Hence,  the  spikes  should  meet  the  conditions  for  lumi¬ 
nescence:  (i)  the  carriers  will  thermalize  to  the 
(GaAs), (ZnSe),  layers  of  the  material;  and  (ii)  elec¬ 
trons  and  holes  will  have  the  same  wave  vectors  and  there¬ 
fore  satisfy  the  crystal-momentum  selection  rule  for  recom¬ 
bination. 

Having  a  direct  band  gap  is  a  necessary,  but  not  suffi¬ 
cient,  condition  for  a  semiconductive  light-emitting  diode 
material.  In  addition,  the  semiconductor  must  be  dopable 
both  n  and  p  type.  This  is  not  a  problem  in  bulk  paAs,  but  "! 
in  ZnSe,  which  is  difficult  to  dope  p  type.  Tht  ause  of  the  p 
doping  problem  in  ZnSe  is  thought  to  be  a  distribution  of 
deep  hole  traps  within  ~0.3  eV  of  the  valence-band  maxi¬ 
mum.  Therefore,  if  our  spike  superiattices  are  to  be  doped  p 
type,  those  deep  Ic'-els  must  be  covered  up  by  the  superlattice 
vale-^wC-band  so  that  they  cease  trapping  holes.  To  achieve 
this,  the  superlattice  must  have  it.s  valence  band  maximum  at 
least  0.3  eV  above  the  valence  ma.ximum  of  ZnSe  (sw  Fig. 
2).  This  implies  normally  that  x  must  be  less  than  0.5  and  the 
wells  must  have  widths  corresponding  to  A.p,,,,  =  2  or  more 
diatomic  layers. 

The  energy,  band  lineups  are  displayed  in  Fig.  3  for 
1 X 10  GaAs/ZnSe.  Note  that  most  of  the  band  offset  is  in 
the  valence  band,  and  that  the  energy  of  the  conduction  band 
edge,  when  measured  relative  to  the  ZnSe  valenco-band  edge 
(Fig.  2),  is  relatively  independent  of  laser  thickness  and  al¬ 
loy  composition.  Therefore,  by  altering  the  alloy  composi¬ 
tion  of  the  (GaAs) ,  _  ,  (ZnSe) .  we  art,  in  effect,  tuning  the 
absolute  valence-band  energy.  With  this  approach  we  can 
cover  up  deep  levels  that  might  otherwise  trap  lioles  and 
adversely  affect  ‘he  p  doping  of  the  material.  Once  covered, 
any  holes  in  the  deep  levels  are  autoionized  and  become  car¬ 
riers.  This  method  for  eliminating  deep  traps  has  been  pro- 
posed  for  doping  ZnSe p  type,  and  explains  the  relative  ease 
with  which  ZnTe  can  be  doped/:  type  (in  contrast  with  most 
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FIG.  I.  Predicted  band  gaps  (in  eV)  of  A’,p|„X  10  (GaAs),  .,(ZnSe),/ 
ZnSesuperlaltices  vs  Gaps  forx  =  0, 0.2S,  0.3,  and  0.73  are  denoted^ 
by  open  squares,  open  triangles,  closed  squares,  and  closed  triangles,  respec* 
tively. 


Other  II-VI  semiconductors).'® 

The  ZnSe,  when  interdiffused  with  the  GaAs,  will  pro¬ 
vide  CaAs  with  both  donors  and  acceptors,  and  in  the  ideal 
limit  will  yield  perfectly  compensated  material.  By  carefully 
controlling  the  growth  conditions,  it  should  be  possible  to 
dope  the  spike  dther  n  type  or  p  type  with  Se  or  Zn,  which  are 
shallow  acceptors  and  donors  in  GaAs.  It  should  even  be 
possible,  with  masking,  to  fabricate  a p-n  junction  in  a  single 
spike. 

Impurities  that  normally  do  not  adversely  affect  GaAs 
can  be  problems  in  spike  GaAs.  Because  the  GaAs  band  gap 
has  been  widened  so  much,  impurities  that  were  shallow  do¬ 
nors  or  acceptors  in  GaAs  might  become  deep  traps  in  the 
spike  superlattices.  Such  shallow-deep  transitions  have  been 
observed  in  III-V  alloys.  For  example,  an  anion  site  A’ impu¬ 
rity  in  GaAsi  P,  produces  a  deep  level  resonant  with  the 
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FIG.  2.  Predicted  cuiiduction*  and  valcmt-band  edges  (in  2V)  for 
X  lO(Ga.As) , , .  t ZnSe), /ZnSe  sujicrli  tttc.'s.  for  various  Jt.  using 
thenotaiiono'i  .g.  I.Nt.ieiliat  the  major  vuri*  onsa.uinthcvalenceband. 
The  zero  of  energy  is  the  valence-bai'*’  ••• .  >  Inn  jf  bulk  ZnSe.  The  niatcri- 
sis  with  valence-band  maximum  abo.v  ’  ‘ aiauld  not  be  plagued  b>  'he 
p  doping  problems  experienced  by  ZuSe  (see  Ref.  13). 


Iitp  GaAa/ZnS*  1001)  Suparlallie* 


FIG.  3.  Energy-band  alignments  for  a  I X 10  GaAs/ZnSe  (061 )  superlat¬ 
tice.  The  band  gaps  of  ZnSe,  GaAs,  and  the  superl.'.ttice  (SL)  are  2.8, 1.33, 
and  2.32  eV,  respectively.  The  superlattice  band  edges  arc  denoted  by 
dashed  lines.  The  zero  of  energy  is  the  valence.band  maximum  of  bulk 
ZnSe. 


conduction  band  in  GaAs,  which  becomes  uncovered  as  the 
gap  widens  in  those  alloys,"’  so  that  A^ becomes  a  deep  trap. 
Similar  behavior  has  been  observed  for  the  donor  Sio,  (and 
the  related  DX cecter)  in  Al,tGa,  _ ,  As.’’  However,  we  do 
hot  hnd  such  behavior  for  Si  or  N  in  our  spike  superlatt'ces, 
mostly  because  the  conduction-band  edges  in  these  superlat¬ 
tices  are  so  independent  of  layer  thickness  and  alloy  compo¬ 
sition.  Nevertheless,  some  levels  near  the  valence-band  ma.\- 
imum  dp  undergo  such  a  shallow-deep  transition.  For 
example,  Zn^iiion  ^  quantum  well  of  a 

1 X 10  GaAs/ZnSe  superlattice  (see  Fig.  4)  but  lies  in  the 
valence  band  of  bulk  ZnSe.  Finally,  the  native  point  defects, 
the  antisite  defects  Sco.i ,  Zn^^, ,  and  Asc» ,  and  the  vacancies 
Vao,  and  Va^*  can  produce  deep  levels  in  the  superlattice 
gap,  as  shown  in  Fig.  4,  and  contro'  of  their  concentrations 
ma\  be  required. 
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FIG.  4.  Native  defect  deep  levels  in  or  near  the  b.aiul  gap  of  I X 10 
GaAs/ZnSe  for  (a)  the  cation  site  and  (b)  the  anion  .site.  Va  denotes  a 
vacancy.  Open  triangles  (closed  circles)  dei.'  .c  holes  (electrons)  occupy- 
ing  the  deep  levels  for  a  neutral  defect.  For  the  As-site  vacancy,  the  electron 
ill  the  deep  level  above  the  conduction  l):.iid  edge  is  autoioiiized  and  falls  to 
the  conduction-band  i  ilac.  becoming  a  shallow  donor  electron.  Similarl.v, 
the  Ga.\^  holes  bubble  up  to  the  valence-band  iiiiiMinum.  The  zero  ofenergy 
is  the  valence-band  maximum  of  bulk  ZnSe. 
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III.  SUMMARY 

The  theory  presented  here  should  be  quite  reliable.  A 
similar  theory  of  1 X 1  GaAs/AlAs  (001  ]  superlattices  pre¬ 
dicted  a  band  gap  of  2.1  eV,  in  comparison  with  the  experi¬ 
mental  value  of  2  eV.'*  Thus,  the  band-gap  predictions  are 
likely  to  have  an  uncertainty  only  of  order  0.1  eV. 

Another  theoretical  study  of  GaAs/ZnSe  [001  ]  super¬ 
lattices,  based  on  our  electronic  structure  model  ( but  with¬ 
out  the  new  parameters*'*)  has  been  presented,  *’  with  similar 
results  to  ours  for  x  =  0.  However,  that  theory  was  directed 
toward  the  core  exciton  problem  rather  than  short  wave¬ 
length  light  emission,  and  did  not  consider  the  possibility  of 
modifying  the  GaAs  in  order  to  achieve  blue-green  lumines¬ 
cence. 

We  hope  that  these  theoretical  predictions  will  stimu¬ 
late  eforts  to  grow  ZnSe  with  GaAs  spike  quotum  wells. 
While  such  growth  will  require  great  skill,  it  sHbuld  be  feasi¬ 
ble. 

Finally,  we  note  that  even  larger  band  gaps  should  be 
achievable  with  (GaAs),_,(ZnSe),  spikes  in 
Zn,_^Mn,.Se.‘® 
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We  have  used  the  pseudofunction  method  to  compute  $eIf>consistent  spin-polarized  energy  bands 
for  La]Cu04.  The  ground  state  is  found  to  be  semiconducting  and  antiferromagnetic  (AF)  with  a 
moment  of  0.25ftg.  The  net  moment  resilting  from  the  occupation  of  82  itinerant  bands  is  localized 
on  the  Cu  atoms  only.  Our  results  agree  with  experiments  in  which  La}Cu04  is  found  to  be  semi¬ 
conducting  and  AF  with  a  moment  on  the  Cu  atoms  of  (8.3S±0.0S)/Sj  (neutron  scattering)  or  in  the 
range  0.2/sj  to  0.6p$  (muon-spin  resonance).  Sr  is  found  to  produce  holn-on  the  out  of  plane  0 
contrary  to  the  assumption  used  in  many  strong-correlation  theories  of  superconductivity. 


The  pseudofunction  (PSF)  method'  with  a  local-density 
potential*  has  been  successfully  used  to  compute  spin- 
polarized  energy  bands  for  Ni  and  MnTe.^  The  good 
agreement  with  experiment  encouraged  the  use  of  this 
method  for  the  new  superconducting  materials  such  as 
Sr-doped  LajCuO^,  hereby  denoted  in  short  as  (2:1:4).  In 
this  paper,  we  present  self-consistent  spin-polarized 
local-density  energy-band  results  for  pure  and  Sr-doped 
2:1:4.  The  ground-state  energy  bands  are  semiconducting 
and  antiferromagnetic  (AF)  with  a  moment  of0.35^j  on 
the  Cu  atoms.  One  Cu-0  hybrid  state  is  split  off  by  the 
AF  correlation  to  give  a  semiconductor.  The  moment  is 
nonintegral  because  of  the  strong  hybridization  between 
0  and  Cu  at  the  Fermi  surface.  A  magnetic  ground  state 
is  found  to  be  stable  even  in  the  metallic  state  when  Sr  is 
substituted  for  La.  For  example,  an  AF  state  with  a  mo¬ 
ment  of  0.09^fl  is  obtained  when  half  of  the  La  atoms  are 
replaced  by  Sr  atoms.  Thus,  contrary  to  widespread  be¬ 
lief,  band, theory  quantitatively  accounts  for  the  magnetic 
properties  of  2:1:4  and  suggests  that  the  magnetic  state  is 
not  observed  in  doped  samples  as  the  disorder  overcomes 
the  magnetic  order. 

The  spin-polarized  band  model  with  a  local-density  po¬ 
tential  has  been  used  by  several  investigators  to  attempt 
an  understanding  of  the  AF  and  semiconducting  behavior 
of  2:1:4.'*  These  spin-polarized  calculations  with  other 
methods  find  the  ground  state  to  be  nonmagnetic  and  me¬ 
tallic  contrary  to  experiment.  We  believe  the  reason  that 
these  attempts  did  not  yield  the  correct  ground  state  is 
that  the  bands  at  £y  are  too  broad.  Specifically,  for  non¬ 
magnetic  calculations,  the  2:1:4  bands  are  doubly- degen¬ 
erate  on  the  hexagonal  face  of  the  orthorhombic  unit  cell. 
Semiconductivity  can  be  obtained  only  when  this  degen¬ 
eracy  is  lifted.  These  bands  are  only  0.17-eV  wide  for  the" 
PSF  method.^  The  other  techniques  find  these  bands  to 
be  approximately  0.5-eV  wide.  Thus,  the  magnetic  corre¬ 
lation  needed  to  split  a  0.5-eV-wide  band  is  far  stronger 
than  that  needed  for  a  0.17-eV  band.  Finally,  we  show 


that  the  nonspherical  part  of  the  crystal  potential  need  be 
expanded  in  at  least  15  625  plane  waves  to  obtain  the  AF 
ground  state.  We  believe  this  to  be  the  key  to  the 
differences  with  other  methods. 

There  .are  many  proposals  of  superconductivity  based 
on  the  coupling  via  magnetic  excitations  both  local  and 
nonlocal.  Such  theories  of  superconductivity  are  well  do- 
cumented^  in  the  literature  and  will  not  bq^referenced 
here.  We  will  only  point  out  that  we  find  the  band  to 
be  at  the  Fermi  energy  as  postulated  by  Lee  and  Ihm.  ’ 
They  accounted  for  superconductivity  with  a  two-band 
model  (broad  band  and  narrow  d^i  band)  which  we  find  to 
be  appropriate.  A  more  detailed  two-band  model’  using 
local  densities  of  states  from  the  band  theory  for  the 
broad  Cu-0  band  and  a  Cu-0  band  in  the  z  direction  can 
phenomenologically  account  for  the  magnetic  and  super¬ 
conducting  properties  of  pure  and  doped  2:1:4. 

The  spin-polarized  PSF  method  has  been  tested  for  fer¬ 
romagnetic  Ni  and  antiferromagnetic  MnTe.’  The  re¬ 
sults  for  Ni  agree  with  those  in  the  literature.  For  MnTe, 
we  find  the  antiferromagnetic  state  to  be  more  stable  than 
the  ferromagnetic  state  in  agreement  with  experirnent. 
Calculations  for  MnTe  with  the  linearized  augmented 
plane-wave  (LAPW)  method’  also  find  that  the  antiferro¬ 
magnetic  state  is  more  stable  than  the  ferromagnetic 
sute.  K  on  Si  is  another  example  of  success  for  the  PSF 
method.  The  PSF  method  predicted  the  K-Si  bond 
length  to  be  3.3  A  (Ref.  10)  whereas  the  pseudopotential 
method  predicted  the  bond  length  to  be  2.59  A. "  Subse¬ 
quent,  surface-extended  x-ray-absorption  fine-structure 
(SEXAFS)  experiments'*,  give  a  bond  length  of  3.15  A 
which  is  very  sinular  to  the  FSF  result. 

The  PSF  me^od  bu  a  local  orbital  basis  set  employing 
the  full  potential  including  the.'core  states  (see  the  Appen¬ 
dix  for  details).  The  computation  is  done  in  Fourier 
space  for  computational  efficiency  just  as  the  time- 
consuming  parts  of  matrix  element,  evaluation  is  done 
with  the  fast  Fourier  transform.  Fnr2*t-4 
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is  expanded-;inT562'S’plane-waves;  ^The.very  accuratetex*^ 
pansion.of  the  potential  is  essential  in  obtaining  the  0.17- 
eV-wide  band  at-the-Fermi  energy.  A  less  accurate  .po--. 
tential  gives.broader.bandSv.Nine.s,- p,  and  d.b^is  func¬ 
tions  were  used  on  the  La  and  Cu  atoms  with  sip  sets.qn- 
the  O  atoms.  The  basis  functions  are  .continually  charged 
during  iteration- to  self-consistency  in  order  to  optimize- 
the  description  of  the  charge  density.-.  Identical  results 
are  obtained  whether  or  not;  the.  6  atoms  were  started., 
with  a  spin  state.  The  calculation  was  first  brought  to 
self-consistency,  with  only  a^sihgle  K  point  in ’the  itera¬ 
tion.  A  four-point  sample  was  next  used;"' The  final  itera¬ 
tions  were  done  with  eight  ^:;poihts.  The  average  devia¬ 
tion  in  the  potential  between  the  input  and  output  poten¬ 
tial  at  10%  mixing  was  1.1  mRy,  with  a  maximum  devia¬ 
tion  of  7  mRy.  The  moment  of  the  Cu  sites  increased  by 
about  0.02(1  B  on  going  from  a  four-point  sample  to  an 
eight-point  sample.  Subsequently,  the  calculations  have 


c  been- -redone; -in ‘.entirety:  with  a. general  set  .of  eight  k 
points.  The  moment  is  unchanged  to  ±0.01/i^  and  the 
-  bands  are  virtually,  identical. 

.in  Fig..  1,  the  spin-polarized  bands  near  Ef  are  plotted 
-for  2:1:4;  The  band  gap  between. filled  and  empty  states 
varies  from  approximately  2  eV  at  'F  to  0.06  eV  on  the 
hexagonal  face.  The  bands  are  relatively  flat  in  the  Z 
dir^tion  because  of  the  layered  structure  and  are  not 
..shown.  For. the. hexagonal  face,  the  bands  are  narrow 
and  doubly  degenerate  for  a  self-consistent  field  (SCF) 
non-spin-polarized  calculations.*^  -For  spin-polarized 
bands,  the- gap  varies  from  0.35  'eV-at  X  and  M  to  0.06 
along  the  M- to  N  and  N  to  S  directions.  The  necessity 
that  bands  be  narrow  on  this  hexagonal  face  thus  be¬ 
comes  obvious  since  the  spin  effect  which  gives  the  semi¬ 
conducting  gap  varies  from  0.35  to  0.06  eV.  This  band  is 
0.17-eV  wide  for  the  PSF  method*  and  approximately  0.5 
eV  for  other  methods.^  At  internal  points  of  the  Bril- 


FIG.  1.  Spin-polarized  energy  bands  near  the  Fermi  energy  for  (a)  La2Cu04  and  (b)  LaSrCu04. 
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loujn  zone,  the  gap  is  large.  This  gap  existed.*  even  for 
noh-spin-polarized  energy  bands.  -  iThus,  the.  spin- 
polarization  effect  is  onlyopehing-a  gap  at.a  small.per- 
centage  of  the  points  within  the  Brill6uin<  zone.  An  ap¬ 
proximate  measure  of  the  number  of  points  at- which  anti- 
ferromagnetism  opens  a  gap  is  a  skin  depth  on  the  hexag¬ 
onal  face  divided  by, the  volume  whichvwould'be  a.small 
number.  This  is  probably  a  unique  feature  of  the  layered 
Cu-0  materials  because  the  number  of  electrons  is  impor¬ 
tant.  .  ;  ■  .  ■  ■  ■ 

The  indirect  gap  in  Fig..'l(a)  is  as  little  as’O.Ol  eV.  We 
were  concerned  that  if  the  indirect  gap  were,  less 'than 
zero  and  a  metallic  state  was  obtained,  the  moment  on 
the  Cu  atoms  might  become  zero.  Thus,  the  bands*  were 
iterated  to  SCF  with  an  extremely  poor  sampling  of  k 
space  using  the  points  S,  L,.Ni  Af,  and.X  .The  hinds 
remain  essentially  unchanged  except  that  the  bands  at  L 
overlap  the  bands  at  N  by.  0.03  eV  to.'give  a'met^-.  The 
moment  on  the  Cu  atoms  increases  to  0.39/1^.  This  result 
indicates  that  our  moment  is  not  sensitive  to  small 
changes  in  band  structure  which  produce.'metallic’ over¬ 
lap.  Alternatively,  we  believe  nesting  does  not  have  to  be 
e.\act  to  obtain  the  magnetic  ground  state  as  would  occur 
at  small  Sr-dopant  concentrations.  Since  band  theory 
cannot  be  petformed  for  small'  deviations  from 
stoichiometry,  we  suggest  that  the  above- computations 
for  a  metallic  state  suggut  that  the  antiferromagnetic 
state  is  stable  for  small  dopant  concentrations.  /  Small 
dopant  concentrations  of  Sr:'probably..would:  hot  yield  a 
metallic  state  because  of-  the  narrow  bands,  at  Ef  and 
small  overlap  between  carriers.  Disorder  would  also 
create  a  mobility  gap  at  low  carrier  concentrations. 

It  is  important  to  understand  the.magnetic  behavior  as. 
a  function  of  Sr  doping.  The  optimal  superconducting 
transition  temperature -is  observed  at  the  large  doping 
level  of  0.1  S  Sr.  Calculations  have  been  performed  on 
2:1:4  where  one-fourth  and  one-half  of  the  La  atoms  are 
substituted  by  Sr.  The  dependence  of  the  magnetic  mo¬ 
ment  as  a  function  of  Sr  is  thus  obtained. 

The  AF  moment  is  obtained  by  integrating  over  all 
spheres.  A  value  of  0.3Sng  is  obtained.  An  important 
understanding  can  be  obtained  by  computing  the  charge 
within  spheres  about  the  different  sites.  In  Table  I,  thb 


amount. of- charge  within  the.Cutsphere  (R=0.98  A),  La 
sphere  {R.=  1.49.A),  ahd?Oisphere‘(R?=0.86  A)  is  tabu- 
lated’for' spin-up  and  spin-down  btmds-forboth  the  pure 
and  dopeid  2:1:4.  The  O.atoms-are:labeled  according  to 
the' type:,of!'coplan8r  metal  atomi  For.  2:1:4,  the  first.  Cu 
atom  has  a' net  spin  down  of  0.35  electrons  (4.33  —4.69). 
The.O  atoms  are  identical  in  spin  density  indicating  that 
the  spin  is  localized,  to  the  Cu  atom.  Even  though  the 
band  picture  is  an  . itinerant  picturei-moments  localized  to 
the  metal  atoms  are- obtained.. -For; 25%,- Sr. doping,  the 
moments  on  the  Cu  are  0:35ftB  and  0.32^^, .which  is  indi¬ 
cative  of  small  ferrimagnetism.  At  50%  -  doping,-  mo¬ 
ments  of  0.09jua  obtained  on  the  Cu  atoms  with  anti¬ 
ferromagnetic  behavior.  The  O  atoms  within  the.  Cu-0 
basal  plane  do  not  have  a  moment  at  any  level  of  Sr  dop¬ 
ing.  For  25%.  Sr, -the  O  atoms  adjacent  to  the  Sr  and 
Cu(2)  develops  a  small  moment  of  O.O6/X5.  Thus,  the  mo¬ 
ment  on  the  Cu  atoms  will  remain  at  a  large  value  for  Sr 
doping  up  to  25%  with  a  slow  decrease  at  higher  levels. 
The  O  atoms  may  also-p^icipate  depending  on  the  dop¬ 
ing  level. 

Spin-polarized  energy  bands  cajculated  for  LaSrCu04 
are  shown  in  Fig.  Kb).  The  bands  are  quite  similar  in  ap¬ 
pearance  to -those  for  pure  2:1:4.  Because  one-half  of  a 
band  haii  been  depopulated,  the  Fermi  energy  falls  in  the 
middle  of  the -Cu-0  band  associated  with  the  orbital 
and  O  perpendicular  to  the  plane. 

Evidence  for  both  spin  and  charge  fluctuations  via  the 
apex  O  can  be  found  in  Table  L  As  the  charge  density 
and  net  spin  on  the  0  atoms  in  the  base  are'independent 
of  Sr  content,  we  conclude  that  the  basal  O  atoms  do  not 
participate  in  fluctuations.  First,  we  consider  fluctua¬ 
tions  for  25%  doping  since  this  is  closer  to  experiment  at 
0.15  Sr.  Pure  2:1:4  has  a  charge  of  9.03  (4.34+4.69)  on 
the  Cu  atoms  .and  2.62  on  all  O'.'  For  25%*  Sr,  the  net 
charge  on  Cu  atoms  is  reduced’ to  8.98  electrons,  an  in¬ 
crease  in  Cu  valence  of  0.05  electrons.  The  0(La)  and 
0(Sr)  have  moments  of  0.06/ij  by  reducing  its  spin-up 
character  by  0.06  e.  One  could  envision  fluctuations 
among  the  0(La)  and  0(Sr)  atoms  via  bands  at  E/  that  Sr 
has  caused  to  be  depopulated.  Fluctuations  require  emp¬ 
ty  states  near  Ef.  ‘Table  I  shows  these  states  to  exist  on 
the  out  of  plane  O. 


TABLE  I.  Partial  charge  densities.  The  arrow  indicates  the  spin  direction;  '  

La2Cu04  La,  5Sro.jCu04  LaSrCu04 

T  - . i . -  - _ T _ L,-  I _ ^  I 


CU| 

4.34 

4.69 

.Cui 

4.31 

4.67 

■  -  .  ■  Cuj  - 

■  4:33  • 

4.42 

CU2 

4.69 

4.34 

■  CU2 

4.66 

*•  4.34  • 

•  '  :  "cui'  •• 

■  4.66  - 

■4.57 

u 

0.46  . 

0.46 

•  ‘  La  .  - 

0.46 

0.46 

■  "La  : '  '  ‘  -■ 

':0.45- 

■  0.45 

u 

0.46. 

0.46 

La 

-  0.44 

'  ■  0.44 

-  ■  »  La^  ‘‘s’-'-' 

■-0.45 

0.45 

u 

0.46  ; 

■  0.46 

La  • 

0.45 

-0.45  ■• 

'  .1,  . .  La  i 

-0.33'  ' 

-  0.'33 

La 

0.46  • 

0.46 

Sr 

0.34 

-  0.34-. 

'  Sr^:!:i..-.!  •'ti* 

.!0.33-  -  ■ 

.  0.33 

0  (base) 

•2:62“— 

-2:62— 

- 0  (base)* 

2.61 

.  2:62 

•  '•  r.OI(basc)i'.'.'-.,, 

.2.61.  .. 

■  2.61 

0  (base) 

.  2.62  ' 

2.62 

O’(base) 

2.61 

.  2.62.' 

0;(basc).r..: 

1  2.61  .  .. 

2.61 

OILa)  ... 

2.62  ..  . 

.2.62- 

- - OKU) 

2.56 

2.62 

0(Sr)'  - 

..2.49-  .  . 

2.49 

0  (La) 

2.62 

2.62 

0  (Sr) 

2.56 

2.62 

■  •  ..viO(Sr).., 

-2.49 

.  2.49 

0  (U) 

2.62 

2.62 

0  (U) 

2.61 

2.57 

;OILa) 

.2.64 

2.64 

0  (U) 

2.62 

2.62 

6  (U) 

-  ..2.62- 

2.60 

0  (La)  ‘ , 

'2.64 

2.64 
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A  similar  picture  is  obtained  for.  50%  Sr  doping.  The 
net  charge  on  the  Cu  sites  is  8.75  (4.33+4:42)  on  Cud) 
and  9.23  (4.66+4.57)  on  Cu{2)  as  compared  to  9.03 
(4.34+4.69).  Another  important  feature  of  Table  I  is 
that  the  O  that  is  the  nearest  neighbor  of  Sr  losses  0.13 
electrons  (2.62—2.49)  within  its  sphere.  This  O  is  also 
bonded  to  the  Cu  that  loses  0.22  (8.98—8.75)  electrons 
within. its  spheres.  Thus,  the  Sr  doping,  at  least  at  this 
level,  causes  a  hole  to  form  on  the  Cu-0  bond  that  is  the 
nearest  neighbor  to  the  Sr  atom.  Similar  but  less  dramat¬ 
ic  results  occur  for  25%  doping.  This  simply  reflects  that 
the  band  at  the  Fermi  energy  is  composed  mostly  of  the 
Cu-0  character  in  the  r  direction,  not  the  planar  direc¬ 
tions.  , 

The  difference  between  the  25%  and  50%  behavior  is 
related  to  how  the  Sr  is  substituted  for  La.  For  25%,  the 
Sr  is  substituted  only  on  one  side  of  the  Cu-0  plane,  For 
50%,  the  Sr  is  placed  symmetrically  above  and  below  the 
plane. 

For  very  low  levels  of  doping,  a  rigid-band  model  indi¬ 
cates  that  only-  bands  on  the  hexagonal  face  would  be 
depopulated  and  these  have  very  important  contributions 
from  Cu-0  bonds  within  the  plane  of  Cu-0.  Thus,  at  low 
levels  of  doping,  states  on  the  hexagonal  face  are  depopu¬ 
lated  and  holes  would  be  observed  in  the  Cu-0  plane.  At 
large  dopant  levels  of  15%,  we  would  predict  that  the 
holes  are  in  the  Cu-0  bond  perpendicular  to  the  plane. 
The  exact  spatial  distribution  would  depend  on  the  sym¬ 
metry  of  Sr  dopants  relative  to  the  plane. 

It  is  well  established  experimentally  that  2:1:4  is  antir 
ferromagnetic  with  semiconducting  behavior.  Substitu¬ 
tion  of  Sr  for  La  leads  to  superconductivity.  Neutron 
studies'^  indicate  that  the  Neel  state  is  destroyed  by  dop¬ 
ing  and  that  the  spin-spin  correlation  length  is  reduced 
from  35  to  8  A  as  the  Sr  concentration  is  varied  from 
0.02  to  0.18.  More  importantly,  the  local  order  is  found 
to  be  the  same  for  the  doped  and  pure  2:1:4.  Thus,  it  is 
stated'*  that  no  important  differences  in  magnetic  scatter¬ 
ing  were  found  in  the  normal  and  superconducting  states. 
It  is  important  to  note  that  the  interpretation  of  the  neu¬ 
tron  data  is  that  doping  affects  the  spin-spin  correlations 
leaving  the  moment  essentially  unchanged  from  that  of 
the  pure  state.  Birgeneau  el  al.  '*  caution  that  an  unam¬ 
biguous  interpretation  will  require  samples  where  the 
Meissner  fraction  far  exceeds  the  15%  observed  in  the 
currently  available  samples.  Birgeneau  et  al.  also  indi¬ 
cate  that  there  are  unexplained  differences  between  sam¬ 
ples. 

Our  calculations  are  in  agreement  with  the  above  pic¬ 
ture.  A  moment  localized  to  the  Cu  atoms  is  obtained 
theoretically.  This  moment  is  practically  unchanged  up 
to  a  Sr  concentration  of  25%.  We  can  similarly  claim 
randomly  placed  Sr  will  disorder  the  moments.  Our  com¬ 
puted  moment  of  0.35hb  similar  to  the  experi¬ 

mental  value  from  neutron  [[0,35±0.Q5)hb  (Ref.  15(b)) 
and  muon-spin  resonance  ((0.2-0.6);ia].  It  is  certain 
that  the  moment  is  much  less  than  l.Ofig  which  would  be 
obtained  for  spin  0.5. 

Finally,  whether  or  not  the  antiferromagnetic  ground 
state  is  obtained  is  closely  related  to  the  number  of  plane 
waves  with  which  the  nonspherical  potential  is  expanded. 


No  AF  ground  state  was  obtained  when  the  potential  was 
expanded  with  4913  or  9261  plane  waves.  An  AF  ground 
state  was  found  for  24389  plane  waves.  This  calculation 
was  not.  run  to  SCF  due  to  extreme  computef  cost.  The 
moment  was  0.3 1;*^  and  increasing  when  the  job  was  ter¬ 
minated.  Since  the  number  of  basis  functions  was  con¬ 
stant,  the  representation  of  the  potential  is  critical. 

There  are  other  interpretations  of  the  AF.  state  of  2:1:4. 
The  resonating  valence  bond  picture'*  assumes  a  spin  of 
S=0.5  on  the  Cu  sites.  An  alternative  strong-correlation 
picture'’  is  that  doping  produces  holes  of  spin  0.5  on  the 
O  sites  in  the  plane.  These  local  moment  theories  claim 
to  account  for  much  of  the  data  but  with  adjustable  pa¬ 
rameters.  Clearly  a  fundamental  assumption  is  that  Sr 
doping  produces  holes  on  the  0  sites  within  the  Cu-0 
plane,  Our  energy-band  results  would  place  holes  in  the 
plane  only  for  low  doping  levels.  For  larger  values  of 
doping  as  in  the  superconducting  region,  our  energy-band 
results  show  holes  on  the  0  in  the  La  plane  not  the  Cu-0 
plane. 

Spin  and  charge  fluctuations  have  been  mentioned  as  a 
possible  mechanism  for  superconductivity.  Our  band- 
theory  picture  indicates  a  substantial  coupling  between 
planes  via  the  0  holes.  Fluctuations  within  the  plane  can 
occur  as  a  result  of  the  fluctuations  on  the  0.  These  fluc¬ 
tuations  produce  an  attractive  pairing  interaction  leading 
to  a  rf=280  K  for  0.1 5  Sr  doping  of  2:1:4. An  impor¬ 
tant  feature  of  our  band;  results  is  the  capability  of  cou¬ 
pling  within  and  between  planes, 

•To  support  our  claim  that  the  width  of  the  bands  at  £/■ 
are  sensitive  to  how  well  the  potential  is  represented,  a 
comparison  is  made  for  two  different  representations  of 
the  potential  with  the  wave  functions  remaining  identical. 
Figure  2  shows  the  narrow  band  for  4913  and  15  356 


FIG.  2.  Non-spin-polarired  energy  bands  at  £/■  for  4913  and 
15  356  plane  waves  in  potential. 
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plane  waves  in  the  potential,  respectively.  The  band  is 
narrow  if  the  potential  has  many  plane  waves.  Only  the 
band  at  Ef  has  been  included  for  clarity.  The  band  for 
4913  plane  waves  is  similar  to  that  in  the  linear  mufiin-tin 
orbital  (LMTO)  calculations.  The  agreement  cannot  be 
exact  because  the  LMTO  calculation  relies  on  the  ap¬ 
proximation  of  overlapping  spheres  and  the  PSF  calcula¬ 
tion  relies  on  truncating  the  potential  to  4913  plane 
waves.  In  further  support  of  the  accuracy  of  the  PSF 
method,  previously  we  have  shown  that  the  correct  ther¬ 
modynamic  properties  are  computed  for  bulk  Si  (Ref.  19) 
and  that  the  correct  bond  length  can  be  computed  for  a 
CO  molecule.'  We  have  also  computed  the  correct  sur¬ 
face  structure  of  Si. ' 

In  summary,  the  itinerant  energy-band  model  yields  a 
band  structure  which  has  a  moment  of  approximately  the 
correct  magnitude  on  the  Cu  site.  Calculations  for  Sr 
doping  support  the  notion  of  spin  or  charge  fluctuations 
on  the  Cu  and  0  sites.  No  evidence  for  localized  holes  of 
spin  O.S  on  the  planar  0  sites  is  obtained.  Our  results 
support  the  interpretation  put  forth  by  Birgeneau  et  al. 
that  Sr  disorders  long-range  spin-spin  correlations  leav¬ 
ing  the  local  Cu  moment  relatively  unchanged. 
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APPENDIX 

The  PSF  method  has  been  described  in  detail'  with  ap¬ 
plication  to  CO  and  Si.  Here,  we  will  provide  an  outline 
of  the  method  and  all  information  that  would  be  required 
to  repeat  our  calculations.  The  unit-cell  parameters  and 
atom  positions  have  been  determined  by  Jorgenson  ei  al. 
The  unit  cell  is  divided  into  muffin-tin  and  interstitial  re¬ 
gions.  The  muffin-tin  radii  R.vtr  2.81  a.u.  for  La,  1.84 
a.u.  for  Cu.  and  1.62  a.u.  for  0.  The  potential  is  divided 
into  spherically  symmetric  potentials  within  the  muffin 
tins  and  a  nonspherical  potential  that  extends  throughout 
the  unit  cell  including  the  spheres.  To  form  the  PSF 
wave  functions,  we  construct  linearized  muffin-tin  orbit¬ 
als  exactly  as  in  the  LMTO  or  LAPW  methods  using  the 
radial  solutions  ^  and  i.  <f)  is  the  energy  derivative  of  (p, 
the  solution  of  the  muffin-tin  potential  for  a  given  energy. 
The  energy  parameter  is  chosen  to  be  an  average  band  en¬ 
ergy  as  in  the  linearized  methods. 

Beyond  this  point,  the  PSF  method  differs  from  other 
methods.  First,  we  define  two  new  radii  Rj„  and  Rqu,  for 
all  the  muffin  tins.  is  chosen  to  be  0.95 
chosen  to  be  1.25  R^x-  The  PSF  wave  function  at  site  n 
for  angular  momentum  Im  is  now  defined  as 


Rout<'-  • 


The  parameters  ai„  arid  Ni„  are  chosen  for  continuity  of 
the  function  and  its  radial  derivative  at  Roue  The  Neu¬ 
man  function  Ki„  has  an  energy  parameter  of  —0.3  Ry. 
Within  the  distance  Rjn.  the  parameters  a„i„  and  b„i„  are 
also  chosen  for  continuity  of  the  PSF  function  at  Ri„. 
The  energies  for  the  Bessel  functions  Ji„  are  /c|=0.1  Ry 
and  ^2=0.2  Ry.  The  above  procedure  is  followed  for  the 
s,  p,  and  d  orbitals  on  the  La  and  Cu  sites  and  the  s  and  p 
orbitals  on  the  0  sites.  The  results  are  not  sensitive  to 
the  choice  of  energy  parameters  k^  and  ki  within  the  ra¬ 
dius  Rjn.  The  tail-parameter  energy  —0.3  Ry  is  the  re¬ 
sult  of  calculations  on  many  different  systems.  The  resul- 
taht  energy  bands  are  not  very  sensitive  to  the  tail  param¬ 
eter  if  a  value  near  —0.3  Ry  is  used.  The  above-defined 
PSF  orbitals  are  smooth  throughout  space  thus  enabling 
straightforward  Fourier  transforms  as  previously  shown. ' 
The  criterion  for  the  number  of  plane  waves  in  the  trans¬ 
form  of  the  PSF  orbitals  is  that  R^t  fh®  maximum 
reciprocal-lattice  vector  be  7.0  in  the  three  reciprocal- 
space  directions  thus  defining  a  polyhedron  in  reciprocal 
space  instead  of  a  sphere. 

The  PSF  orbitals  are  now  defined  by  a  linear  combina¬ 
tion  of  plane  waves.  The  PSF  orbitals  are  orthogonalized 
to  the  core  states  by  augmentation  as  in  the  LAPW 
method.  The  solution  of  the  Hamiltonian  is  fully  de¬ 
scribed  in  Ref.  1  and  is  not  repeated  here.  The  charge 
density  is  in  terms  of  spherically  symmetric  parts  within 
the  muffin  tins  and  a  Fourier  series  representing  the  non¬ 
spherical  contribution.  This  plane-wave  oum  contains  ap¬ 
proximately  eight  times  the  number  of  plane  waves  in  the 
wave  function. 

The  self-consistency  loop  follows  that  o>  -ihe  standard 
band  theory.  The  charge  density  is  used  to  define  a  new 
potential  which  is  mixed  with  the  old  potential.  New 
PSF  orbitals  are  constructed  and  the  Hamiltonian  is 
solved  again  until  the  input  and  output  potentials  are  the 
same  to  a  small  deviation.  The  PSF  orbitals  change  as 
one  iterates  to  self-consistency.  The  PSF  orbital  molds  to 
the  charge  density  and  changes  as  the  charge  density 
changes  especially  in  the  bond  formation  region  between 
atoms.  The  applications  described  here  and  in  Ref.  1  in¬ 
dicate  that  the  plane  number  wav&>  in  the  potential  is  vi¬ 
tally  important  for  computation  of  properties.  This 
dependence  is  shown  in  detail  for  a  CO  molecule.'  In 
this  paper  we  have  shown  that  a  bandwidth  similar  to 
that  for  other  methods  is  obtained  for  a  small  number  of 
plane  waves. 


*R.  V.  Kasowski,  M.-H.  Tsai,  T.  N.  Rhodin,  and  D.  D.  Cham¬ 
bliss,  Ph>-s.  Rev.  B  34, 2656  (1986). 

^U.  von  Barth  and  L.  Hedin,  J.  Phys.  C  5, 1629  (1982). 

Tsai,  John  Dow,  and  R.  V.  Kasowski  (unpublished). 

*T.  C.  Leung,  X.  W.  Wang,  and  B.  N.  Hannon,  Phys.  Rev.  B  37, 


384  (1988);  P.  A.  Sterne,  C.  S.  Wang,  and  W.  M.  Temmerman, 
ibid.  37,  7472  (1988);  G.  Y.  Guo,  W.  M.  Temmerman,  and  G. 
M.  Stocks,  J.  Phys.  C  22, 120  (1988). 

*R.  V.  Kasowski,  W.  Y.  Hsu,  and  F.  Herman,  Solid  State  Com- 
mun.  63, 1077(1987). 


89S4 


ROBERT  V.  KASOWSKI,  M.-H.  TSAI,  AND  JOHN  D.  DOW 


41 


^Novel  Supenonductivity,  edited  by  S.  A.  Wolf  and  V.  Z.  Kresjn 
(Plenum,  New  York,  1987). 

^D.  H.  Lee  and  J.  Ihm,  Solid  State  Commun.  (2,  81 1  (1987). 

^A.  K.  Rajagopal  and  R.  V.  Kasowski  (unpublished). 

®S.  H.  Wei  and  A.  Zunger,  Phys.  Rev.  Lett.  56, 2391  (1986). 

’°R.  V.  Kasowski  and  M.-H.  Tsai,  Phys.  Rev.  Lett.  60,  546 
(1988). 

*’S.  Ciraci  and  Inder  P.  Batra,  Phys.  Rev.  Lett.  56, 877  (1986). 
'^T.  Kendelewicz,  P.  Soukiassian,  R.  S.  List,  J.  C.  Woieik,  P.  Pi- 
anetta,  I.'Lindau,  and  W.  E.  Spicer,  Phys.  Rev.  B  37,  7115 
(1988). 

•^J.  D.  Jorgensen  el  al.,  Phys.  Rev.  Lett.  58, 1024  (1987). 


l^R.  J.  Birgeneau  et  al.  (unpublished).  . 

•*(a)  Y.  J.  Uemura  et  al.,  Phys.  Rev.  Lett.  59;  1045  (1987);  (b)  g! 
Shirane  et  al.,  ibid.  59, 1613  (1987);  (c)  D.  Vaknin  et  al.,  ibid. 
58,2802(1987). 

'*P.  W.  Anderson,  G.  Baskaran,  Z.  Zou,  and  T.  Hsu,  Phys.  Rev. 
Lett.-58, 2790  (1987). 

'^Amnon  Aharony  et  al.,  Phys.  Rev.  Lett.  60, 1330  (1988). 

'*S.  T.  Chui,  R.  V.  Kasowski,  and  W.  Y.  Hsu,  Europhys.  Lett. 
9,385(1989). 

’’M.-H.  Tsai,  J.  D.  Dow,  and  R.  V.  Kasowski,  Phys.  Rev.  B  38, 
2176(1988). 


